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Abstract 
The recovery of gold from complex refractory gold ores is challenging. The refractory 
nature of these ores is due to the encapsulation of gold as colloidal gold particles or 
as gold in solid solution in a mineral matrix which is unreactive and impervious during 
the cyanide leaching process. The complexity of processing increases when both the 
presence of disseminated gold in the mineral matrix as well as the interference phases 
are present in the ore. The ore investigated in this research, from Barrick’s Cortez 
mine in Nevada, USA, is a notable example of this type of complex refractory ore which 
is described as double-refractory due to the presence of gold in a sulfide mineral matrix 
as well as in carbonaceous matter in the ore.  
Double-refractory ores give low recoveries of gold during the cyanide leaching 
process, and a pre-concentration stage is required to achieve acceptable gold 
recoveries. Typically, flotation is the pre-concentration method employed to recover 
the gold-bearing mineral phases in the ore. Although the flotation response of Cortez 
double refractory gold ore has been assessed at a number of commercial laboratories, 
gold recoveries remain lower than expected, and the reasons for this are not well 
understood. This thesis examines the influence of mineralogy and surface chemistry 
on the flotation recovery of gold in the Cortez double refractory gold ore. A 
comprehensive, novel experimental approach that combines solution analysis, optical 
microscopy, SEM-based automated mineral analysis (MLA/QEMSCAN), Raman 
spectroscopy, Dynamic secondary ion mass spectrometry, ToF-SIMS and X-ray 
photoelectron spectroscopy analysis on flotation feed, concentrates (both 
carbonaceous matter (TCM) and sulfides concentrates) and tailings has been applied 
to identify the causes of low gold recovery in flotation. 
The results of the research have shown that contrary to the expected deportment of 
gold in Carlin-type deposits as invisible gold associated with sulfide minerals, the gold 
in this Cortez ore is predominantly visible gold, present as native gold grains ranging 
in size from 2 to 33 µm with an average of 10µm. This is the main cause of the low 
gold recovery observed for this ore when treated with the standard Cortez ore flotation 
reagent regime which is designed to recover gold-bearing pyrite. The xanthate 
collector used in the standard Cortez reagent regime would not selectively recover 
grains of native gold. Exploratory flotation tests with a collector that specifically targets 
 ii 
native gold (mercaptobenzothiazole and dialkyl dithiophosphate (MBT+DTP)) showed 
improved gold recovery. A mixture of mercaptobenzothiazole and dialkyl 
dithiophosphate (MBT+DTP) and PAX could potentially improve gold recoveries. 
The gold loss to the tailings stream is 35% of the total gold in the flotation feed and 
the majority of this unrecovered gold in the tail stream is present as visible grains of 
native gold (87%) with only 13% present as invisible gold in the pyrite. The visible gold 
is mainly liberated (69%) and locked with goethite/silicates/carbonates (26%) with only 
5% of the visible gold locked with pyrite and therefore potentially recoverable in the 
flotation process which targets sulfide mineral recovery. 
The ore characterisation performed in this research has shown that the main reason 
for the low recovery of gold from this Cortez ore is the presence of the majority of the 
gold as visible grains of native gold. The Cortez gold deportment is significantly 
different to that typically observed in other Carlin-type ores where the majority of the 
gold is present as invisible gold associated with pyrite, and it is this unexpectedly 
different gold deportment that results in its poor recovery in a flotation process which 
specifically targets the recovery of sulfide minerals. Improved recovery is likely if the 
flotation conditions (including types and dosages of flotation reagents) are optimised 
to recover liberated gold grains. 
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 1 
Chapter 1  Introduction 
 
1.1 Background 
 
One of the key aspects of mineral resource sustainability is “ore grade’. For gold ore 
processing ore grade dictates the energy, water and cyanide consumption as well as tailings 
volume and greenhouse gas emissions. The past 150 years have experienced declining gold 
ore grades in many countries like Australia, Brazil, Canada, South Africa and USA (Mudd 
2007). The declining trend for some key countries over the past years is shown in Figure 1.1. 
This has become the key driving force for gold mining companies to focus on low grade and 
more complex ores to sustain their operations and maintain their reserves.  Many gold bearing 
ore deposits processed in the past as well as present are sulfidic in nature. Due to the 
occurrence of gold in finely disseminated form in the sulfide mineral matrix as colloidal or solid 
solution form, direct cyanidation is ineffective due to the fact that the gold forms are 
inaccessible to lixiviates used in the cyanidation process. Therefore, the gold extraction and 
recovery process efficiency for a sulfidic gold ore is very poor and pose a significant challenge 
(Gorain and Kondos 2012). The process of comminution to liberate the valuable gold grains 
from refractory sulfide ore is not economic due to prohibitive grinding cost and is ineffective in 
case of solid solution gold. 
Gold bearing sulfidic refractory ores with naturally occurring carbonaceous matter are called 
“preg-robbing gold ores” (Marsden and House 2009). Flotation is a cost-effective pre-
concentration technique used to recover gold bearing minerals from preg-robbing 
carbonaceous gold ores (O'Connor and Dunne 1994, Bulatovic 2010) for further processing 
using pressure oxidation and cyanidation. Due to the complex mineralogy of the carbonaceous 
gold ores, flotation recovery and selectivity between sulfides and carbonaceous matter is very 
poor (Tabatabaei et al. 2014) and the reasons are not well investigated. The presence of 
naturally occurring carbonaceous matter in sulfidic refractory gold ores is detrimental to gold 
recovery by cyanide leaching (Miller et al. 2016) due to the fact that the active carbonaceous 
component in the ore competes with the activated carbon granules used in the carbon in leach 
(CIL) or carbon in pulp (CIP) for gold adsorption from the cyanide leach solution. Activated 
carbon granules used in industry have a definite size and are recovered from the cyanide pulp 
by screening. Naturally occurring carbon is usually very fine and is not recovered by screening 
and so contributes to significant gold losses. 
Oxidation by roasting, pressure oxidation (acidic/alkaline) and bio-oxidation are the common 
methods employed to liberate gold from these refractory sulfidic ores (Dunne 2012). For gold 
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bearing ores containing low sulfur and high carbonates optimum roasting temperature is 
difficult to maintain and the process is not economical and eco-friendly.  
Although carbonaceous matter can be oxidized by roasting and pressure oxidation, very high 
temperatures are required in roasting and pressure oxidation is not suitable for ores having 
high carbonaceous matter content.  
 
Figure 1.1 Declining gold grades over the past years for some key countries (Mudd 
2007) 
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These techniques are not always successful. Typical example of the carbonaceous refractory 
ores includes Cortez and Carlin trends in Nevada (Nelson et al. 1982, Afenya 1991, 
Stenebraten et al. 1999, Stenebraten et al. 2000), Prestea goldfields of Ghana ((Osseo-Asare 
et al. 1984, Abotsi and Osseo-Asare 1986, Abotsi and Osseo-Asare 1987)), Kerr Anderson 
and McIntyre Porcupine mines of Canada (Nice 1971, Afenya 1991) and some carbonaceous 
ores from U.S.S.R to name a few. 
Data from the published literature on carbonaceous ores show that there is wide variation in 
carbon content and nature of carbonaceous matter (native carbon, hydrocarbon or humic acid) 
even within the same ore deposit resulting in varying degrees of preg-robbing capacity (Afenya 
1991, Miller et al. 2016). Carbonaceous ores from the Carlin trend showed carbonaceous 
matter in the range 8.3% to 0% (Stenebraten et al. 2000). Ores from Carlin trend are termed 
“double refractory” due to the fact that gold grains are encapsulated in the sulfide mineral 
matrix as well as carbonaceous matter (Tabatabaei 2012).  
The subject of investigation in this thesis is a complex double refractory gold ore from Barrick’s 
Cortez mine in Nevada region, USA. The ores from the Cortez deposit show a wide variation 
in mineralogical characteristics as the details in Table 1.1 show. 
Table 1.1 Modal mineralogy of four different ores from Cortez mine (Gorain 2014) 
 
Mineral Abundance Gap Comp Stockpile Comp High-As Low-As 
Chalcopyrite 0.01 0.01 0.03 0.06
Pyrite 0.38 1.17 2.98 1.22
Arsenopyrite 0.01 0.00 0.11 0.00
Realgar 0.00 0.00 3.76 0.00
Arsenic Oxides 0.05 0.00 0.00 0.00
Sphalerite 0.89 0.01 0.04 0.03
Zinc Oxides 2.18 0.00 0.00 0.00
Iron Oxides 5.22 0.32 0.15 0.62
Dolomite 11.25 23.01 38.15 48.62
Calcite 32.71 13.18 2.28 8.85
Ankerite/Siderite 1.82 0.12 1.02 0.24
Quartz 26.46 42.58 31.51 23.57
Muscovite 4.24 11.15 7.65 8.60
K-Feldspars 0.54 1.92 3.60 1.05
Plagioclase Feldspar 0.07 0.04 0.06 0.04
Chlorite 3.95 0.73 1.12 0.15
Pyroxene 3.45 1.22 0.88 1.78
Amphibole 4.97 2.37 2.82 2.36
Talc 0.32 0.02 0.03 0.00
Kaolinite 0.12 0.40 0.38 0.52
Apatite 0.33 0.33 0.82 0.16
Sphene/Anatase 0.42 0.34 0.34 0.53
Organic Carbon 0.12 0.82 1.91 1.30
Others 0.47 0.27 0.33 0.32
Total 100.00 100.00 100.00 100.00
Table 1: Modal Analysis
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An extensive review of the published literature (Chapter 2) conclude that there is limited 
published research on the flotation of carbonaceous refractory gold ores from Carlin, Nevada 
region. Notable examples are the studies carried out by Kappes and co-workers and 
Tabatabaei (Kappes et al. 2009, Tabatabaei 2012). Although, detailed gold deportment 
studies on flotation streams of a copper-gold ore from Carlin, Nevada region is available 
(Chattopadhayay et al. 2016) there is no information in the literature on the effect of mineralogy 
and surface chemistry on the flotation performace. Also, Chattopadhayay and Gorain (2014) 
described detailed gold deportment and TCM characterization studies on POX-CIL and leach 
residues of a double refractory gold ore from Nevada region, but there is no published 
research on the detailed gold deportment on flotation feed and products and surface chemical 
studies to interpret the flotation performance of the carbonaceous ore. Details studies on the 
type of carbonaceous matter (activated, humic acids or organic hydrocarbons) as well as 
quantification of different morphological types of pyrite from the Cortez flotation feed and 
products has not been reported in the literature. Also, detailed mineralogical characterization 
studies on actual flotation products (pyrite, sulfide and tailings) are not available. Published 
literature on the effect of mineralogy and surface chemistry on flotation performance of 
carbonaceous double refractory ores is scant and wide variablility in mineralogical 
characteristics of the ore within the same ore deposit compounds this effect. 
 
1.2 Research Question 
 
Can the flotation performance of Cortez carbonaceous double refractory gold ore be correlated 
with mineralogy and surface chemistry of various mineral phases that are present in the 
flotation products (TCM concentrate, Sulfide Concentrate and tailings) and feed. More 
specifically the mineralogy and surface chemistry of different gold bearing phases, to elucidate 
the reasons for poor flotation recovery and selectivity? 
 
1.3 Hypothesis 
 
Hypothesis-1: The majority of gold losses in Cortez carbonaceous double refractory gold ore 
is due to the low recovery of invisible gold contained in pyrite 
Hypothesis-2: Losses of visible gold in Cortez carbonaceous double refractory gold ore are 
due to this gold being associated with other mineral phases either in attached or locked form 
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Hypothesis-3: Misplacement of pyrite in TCM flotation stage is due to high recovery of gangue 
by entrainment 
1.4 Aims and objectives 
 
A schematic showing the research plan is presented in Figure 1.2. The key aims and 
objectives are outlined as follows: 
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The influence of mineralogy and surface chemistry on flotation of 
Cortez complex carbonaceous double refractory gold ore 
1. Ore characterization (Mineralogy &Surface Chemistry)
§ Sample preparation and grind curve calibration
§ Cyclosizing tests
§ Whole rock and trace element analysis
§ Size by size chemical assays 
§ Heavy Liquid Separation (HLS) and Super panning (SP)
§ Optical microscopy
§ QEMSCAN/MLA Analysis
§ MLA Gold Scan
§ Laser Raman Spectroscopy (TCM Characterization)
§ Doping Tests & BET analysis
§ Dynamic SIMS analysis (Invisible Gold)
§ Solution Analysis
2. Flotation Experimentation
§ Sequential flotation of TCM followed by activation and flotation of sulfides
§ Recovery and water balance calculations
3. Flotation products characterization (TCM, Sulfide & Tails)
§ Sample preparation 
§ Cyclosizing tests
§ Size by size chemical assays
§ Whole rock and trace element analysis
§ Heavy Liquid Separation (HLS) and Super panning (SP)
§ Optical microscopy
§ QEMSCAN/MLA Analysis
§ MLA Gold Scan
§ Dynamic SIMS analysis (Invisible Gold)
§ ToF-SIMS analysis of flotation products
§ XPS Analysis
§ Solution Analysis
4. Flotation experiments with different reagent chemistries
§ MBT+DTP
§ DTP
 
Figure 1.2 Schematic diagram of research plan 
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The key aim of this research work is to understand the effect of the mineralogy and surface 
chemistry of Cortez carbonaceous double refractory gold ore on the flotation recovery and 
selectivity of gold bearing minerals. The main objectives are as follows. 
 Detailed ore characterization studies which include chemical, mineralogical, solution 
and surface chemistry studies 
 Evaluating the flotation performance of the Cortez carbonaceous double refractory 
gold ore using sequential flotation of carbonaceous matter (TCM) followed by 
activation and flotation of sulfides 
 Critical analysis of flotation concentrates and tailings (TCM concentrate, sulfide 
concentrate and tailings) using a suite of characterization techniques that include 
Mineral Liberation Analyzer (MLA), Gold deportment studies, D-SIMS, ToF-SIMS and 
XPS studies. 
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1.5 Thesis outline 
 
Chapter 2: Literature review 
A comprehensive review of the existing literature is presented in this section which includes, 
mineralogy of gold and gold bearing ores, common methods employed to separate 
carbonaceous refractory sulfidic gold ores with emphasis on Carlin-type ores and the 
techniques used to identify and quantify gold deportment. Emphasis is placed on pyrite and 
carbonaceous matter flotation especially oxidation and collector-mineral interactions. 
Chapter 3: Experimental methodology 
This chapter presents the details of materials and methods used in sample preparation, 
chemical assays, MLA analysis, gold deportment studies, flotation process, surface 
characterization studies using ToF-SIMS and solution analysis. 
Chapter 4: Characterization of Cortez ore flotation feed 
Details of feed characterization studies are presented in this section. Initially, size by size 
analysis of flotation feed is presented. Mineralogical characterization is carried out to 
understand modal mineralogy, mineral locking, mineral liberation and elemental deportment 
and the findings are reported. Detailed gold deportment studies are conducted for identification 
and quantification of gold and gold bearing minerals. The techniques include heavy liquid 
separation (HLS), super panning (SP), optical microscopy, MLA/QEMSCAN analysis, MLA 
Gold analysis, Raman spectroscopy to characterize TCM, doping and BET surface analysis 
and dynamic SIMS analysis. Also, presented are the findings of solution analysis on flotation 
feed. 
Chapter 5: Cortez ore flotation results 
The objective of this chapter is to evaluate the flotation performance of Cortez carbonaceous 
refractory gold ore using sequential flotation of TCM followed by activation and flotation of 
sulfide. The flotation protocol used is based on Barrick’s standard test protocol with slight 
modifications in the process flowsheet and reagent dosages to achieve maximum gold 
recovery. 
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Chapter 6: Flotation products characterization 
Critical analysis of flotation products (TCM concentrate, sulfide concentrate and tailings) is 
carried out. Initially size by size assays and MLA analysis on flotation products is carried out 
followed by surface chemistry studies on the pyrite phase using ToF-SIMS in different flotation 
products. Detailed gold deportment studies have been carried out on tailings. The findings are 
correlated with feed characteristics and flotation performance. 
Chapter 7: Effect of reagent chemistries on flotation of complex carbonaceous double 
refractory gold ores 
The effect of two reagent chemistries namely a mixture of mercaptobenzothiazole and dialkyl 
dithiophosphate (MBT+DTP) and monothiophosphate (MTP) on flotation recovery of gold was 
investigated. Comparative analysis has been carried out to interpret the mechanism of gold 
recovery. 
Chapter 8: Discussion of results 
The key findings on the effect of solution and surface chemistry using various techniques has 
been discussed addressing the hypothesis. 
 Chapter 9: Conclusions and recommendations 
This chapter summarizes the key findings of this research on the effect of mineralogy and 
surface chemistry on the flotation performance of the Cortez carbonaceous double refractory 
gold ore followed by recommendations for future research on these type of ores. 
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Chapter 2 Literature Review 
 
2.1 Overview 
 
Due to depletion of high-grade gold deposits over time, low-grade disseminated gold deposits 
have become increasingly important (Mudd 2007). Development of economic process routes 
for more complex ore deposits poses a challenge for gold mining companies to maintain and 
increase their ore reserves. Gold is associated with a number of minerals varying in size from 
large nuggets to ultra fine grains that are encapsulated in a host mineral. Ores in which gold 
grains are encapsulated in solid solution or colloidal form in a host mineral, generally sulfides 
are called refractory ores and pose greater challenges in processing. If the refractoriness is 
due to the encapsulation of extremely fine gold grains in a sulfide matrix as well as the 
presence of carbonaceous matter, the ores are termed as “double refractory”. A typical 
example of these type of ores is the Cortez Gold Mine in Nevada, U.S.A.  which is owned and 
operated by Barrick Gold. These type of ores cannot be processed directly using traditional 
cyanidation and carbon adsorption process due to the poor liberation of valuable gold grains. 
Moreover, the carbonaceous matter present in the ores acts as preg-robbing” by adsorbing 
gold meant for activated carbon thereby reducing gold recoveries. Hence these type of ores 
needs pre-treatment either physical or chemical, preceded by either flotation or gravity 
concentration, before the cyanidation and carbon adsorption process.  
 
2.2 Typical gold ore processing flowsheet 
 
A typical flotation process flowsheet for treating refractory gold ore, shown in Figure 2.1 
comprises of crushing, grinding, classification, flotation, thickening and filtration. Gold 
concentrate from the flotation circuit is subjected to pressure oxidation to liberate gold from 
sulfide mineral matrix and further processed  in carbon in pulp circuit (CIP) to adsorb gold from 
pregnant solution using activated carbon granules (Figure 2.2). An excellent overview of 
pretreatment options for Carlin-type refractory gold ores is presented by Dunne et.al. (2009), 
which decribes innovative technological developments like roasting, chlorination, pressure 
and bacterial oxidation prior to recovery of gold by cyanidation (Dunne et al. 2009). No further 
details on these technologies are presented as it is outside the scope of this research work. 
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Figure 2.1 Typical flotation circuit in a gold processing plant (Michaud 2016) 
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Figure 2.2 Carbon in pulp circuit to extract gold (Michaud 2016) 
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2.2.1 Challenges in processing double refractory ores 
 
One of the key challenge in processing double refractory ores is obtaining acceptable gold 
recoveries in cyanidation process. These type of ores cannot be subjected to direct cyanide 
leaching process due to the refractoriness and/or presence of penalty mineral phases which 
contribute significantly to gold losses. The presence of naturally occurring carbon imparts pre-
robbing characteristics to the ore. Froth flotation is a cost effective pre-treatment concentration 
technique. Mineralogical characteristics of feed dictates the process flowsheet, recovery and 
selectivity of flotation process (Evans et al. 2011). Characterization and quantification of gold 
in a double refractory ore is a challenging task and highly complex due low precious metal 
grades aswell as the presence of invisible gold in the sulfide and carbonaceous mineral matrix 
(Chattopadhayay et al. 2016). Lunt et. al., clearly states that “There is no universally applicable 
programme for the evaluation and selection of a refractory ore-treatment process. Each project 
needs to be carefully executed in its own right” (Lunt and Briggs 2005). The mineralogical 
characteristics of the ore even from the same deposit is highly variable and needs detailed 
evaluation (Afenya 1991, Gorain 2014, Miller et al. 2016).  
 
2.2 Geological classification of Gold deposits 
 
The main geological attributes of various types of gold deposits according to Robert and co-
workers (Robert et al. 1997) are summarized in Table 2.1 and Table 2.2. In this research, the 
ore being investigated belongs to Carlin type, which is a sediment hosted disseminated gold 
deposit. The geological setting can be described as the carbonate and impure carbonate 
argillite facies of continental shelves overprinted by volcano plutonic arcs (Robert et al. 1997). 
The mineralization is due to disseminated sulfides in discordant breccia bodies and strata-
bound zones. (refer to type 10 in Table 2.1).  
Cortez mine is a Carlin-type ore deposit, which is sediment hosted disseminated gold (SHDG) 
deposit. Most of the economic gold mineralization is hosted in limy to dolomitic mud stones 
along with the presence of naturally occurring carbon which imparts preg-robbing 
characteristics to the ore (Chattopadhayay and Gorain 2014). Gold deposition is due to cooling 
or boiling of metal rich hydrothermal fluids in open spaces within rocks (Frank et al. 2007) 
Different types of ore deposits which are shown in Figure 2.3 are thought to formed in various 
geological settings over a wide range of crustal depths (Robert et al. 1997). 
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Table 2.1 Commonly recognized types of lode gold deposits and their main geological attributes (Robert et al. 1997) 
 
 
Deposit type Type example Selected Examples World; Canada Geological setting Forms of mineralization Size and grade of deposits Metal association
1 Paleoplacer Witwatersrand Tarkwa (Ghana), Jacobina (Brazil); Mature fluviatile to deltaic facies rocks in Pyrite-bearing quartz-pebble 1-100 Mt of ore @ 1-10 g/t Au; Au> Ag; U common;
(S. Africa) rare: Huronian (ON), Sakami (QC) extensive cratonic sedimentary basins conglomerate and quartz arenite some up to 1000 t Au Au:Ag typically 10:1
2 Submarine gold-rich Boliden (Sweden) Mt. Lyell & Mt. Morgan (Australia), Mixed volcanic, volcaniclastic and Banded and stratiform massive 1-10 Mt of ore @ 3-10 g/t Au Ag, Au, Cu, base metals;
massive sulphide Horne, Bousquet, Agnico-Eagle (QC), sedimentary sequences in greenstone sulphide lenses and adjacent and 1-5% base metals typically Ag>Au
Eskay Creek (BC) belts stockwork zones
3 Hot spring McLaughlin Hasbrouk Mountain, Buckskin Mountain Subaerial mafic and felsic volcanic Disseminated sulphides in Typically <30 t Au; up to Au, Ag, Hg,As, Sb, Tl, Ba; locally W;
(California) (Nevada), Cherry Hill, Champagne centers and associated epiclastic rocks in silicified and brecciated rocks; 20 Mt of ore @ 5 g/t Au typically Ag>Au; strong vertical
Pool (New Zealand); Cinola (BC) volcano-plutonic belts underlying quartz veins zoning
4 Adularia-sericite Creede Hishikari (Japan), Cavnic (Romania), Subaerial intermediate to felsic volcanic Crustiform-colloform to <100 t Au but some >500 t Au; Au, Ag, As, Sb, Hg ± Pb, Zn, Te;
epithermal (Colorado) Round Mountain (Nevada); Lawyers, centers and associated subvolcanic intrusions brecciated quartz-carbonateadularia grades of 2-70 g/t Au Au:Ag = 1:10 to 1:25;
Blackdome, Cinola (BC), Skukum (YT) in volcano-plutonic belts veins vertical zoning
5 Alunite-kaolinite Goldfield El Indio (Chile), Pueblo Viejo (Dominican Subaerial intermediate to felsic volcanic Disseminated sulphide in vuggy 10-150 t Au but up to 600 t Au; Au, Ag, As, Cu, Sb, Bi,
epithermal (Nevada) Republic), Nansatsu (Japan); Hope centers and associated subvolcanic intrusions silica zones, veins, breccias and grades of 1-8 g/t Au, Hg, Te, Sn Pb; Au:Ag 1:2 to 1:10;
Brook (NF), Equity Silver (BC) in volcano-plutonic belts stockworks averaging 4-5 g/t metal zoning
6 Porphyry gold Lepanto Far South Refugio (Chile), Yu-Erya (China), Calc-alkalic to alkalic, subaerial Intrusion-hosted (in part) 50-100 t Au, up to 400 t; grades Au, Cu, Ag ± Bi-Te;
East (Philippines), Fort Knox (Alaska); Dublin Gulch (YT), intermediate volcanic centers and quartz-pyrite stockwork zones of 0.5-2 g/t Au and <0.8% Cu Au:Ag>1:1
Lobo (Chile) Young-Davidson (ON), Douay, Troilus associated subvolcanic intrusions
(QC) in volcano-plutonic belts
7 Breccia pipe Kidston Montana Tunnels (Montana), Cripple Mafic to felsic volcanic centers and Mineralized discordant breccia 6-60 Mt of ore @ 1-2 g/t Au; Au, Ag, Pb, Cu, Zn;
(Australia) Creek (Colorado); Sunbeam Kirkland associated subvolcanic intrusions in bodies some up to 100 t Au Au:Ag <1:1
(MB), Chadbourne (QC) volcano-plutonic belts
8 Skarn Fortitude Red Dome (Australia), Suan (Korea); Carbonate platform sequences overprinted Disseminated to massive 1-10 Mt of ore @ 3-10 g/t Au, Au, Ag, As, Bi, Te;
(Nevada) Hedley & Tillicum (BC), Marn (YT), by volcano-plutonic arcs sulphide lenses and veins <1% base metals; <100 t Au Au:Ag variable
Akasaba (QC) cutting skarn
9 Carbonate Ruby Hill Mammoth (Utah); Mosquito Creek- Carbonate platform sequences overprinted Concordant to discordant Typically <3 Mt of ore @ 5-20 Au, Ag, As, Bi, Hg ± Pb,
replacement (Nevada) Island Mountain (BC), Ketza River (YT) by volcano-plutonic arcs massive sulphide bodies in g/t Au & 1-5% base metals; up Cu, Zn; typically Au<Ag
(manto) carbonate rocks to 65 t Au
10 Sediment-hosted Carlin (Nevada) Mercur (Utah), Golden Reward (South Carbonate and impure carbonate argillite Disseminated sulphides in 1-10 Mt of ore @ 1-10 g/t Au; Au, Ag, As, Sb, Hg;
micron gold Dakota), Guizhou (China); possibly facies of continental shelves discordant breccia bodies and some up to 500 t Au. typically Au<Ag
(Carlin-type) Golden Bear (BC), Brewery Creek (YT) overprinted by volcano-plutonic arcs strata-bound zones
11 Non-carbonate Porgera Andacollo (Chile), Muruntau Siliciclastic, turbiditic and volcaniclastic Stockwork, sheeted vein and 1-20 Mt of ore @ 2-5 g/t Au; Cu, As, Bi, Te ± W, F, B
stockwork disseminated(Papua New Guinea)(Uzbekistan); East Malartic, Beattie facies in common association with felsic disseminated strata-bound to some greater than 500 t Au.
(QC), Hemlo(?), Holt-McDermott to intermediate stocks and dykes discordant zones
(ON), QR (BC)
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Table 2.2 Commonly recognized types of lode gold deposits and their main geological attributes (Robert et al. 1997) 
 
 
The above tables clearly show that there are various types of gold deposits with varying size and gold grades with diverse mineralogical 
characteristics. 
 
 
 
12 Au-Cu sulphide-rich Rossland Tennant Creek (Australia); Red High-level intrusions and associated Quartz-sulphide veins Mostly <5 Mt of ore at Au, Ag, Cu ± Pb, Zn;
vein (British Columbia) Mountain (BC), Mouska, Cooke, dykes in volcano-plutonic arcs and (>20% sulphide) 3-15 g/t Au; some >100 t Au typically Au<Ag
Copper Rand, Doyon #3 zone (QC) greenstone belts
13 Batholith-associated Chenoan (Korea) Linglong (China), Charters Towers Tectonic uplifts containing metamorphic Quartz veins in brittle to 1-10 Mt of ore @ 1-10 g/t Au Au, Ag ± Cu, Pb, Zn;
quartz vein (Australia); Zeballos, Surf Inlet (BC), basement rocks and abundant granitoid brittle-ductile faults Au:Ag variable
(Korean type) Venus (YT) batholiths
14 Greenstone-hosted Mother Lode- Mt. Charlotte, Norseman, Victory Greenstone belts; spatially associated Quartz-carbonate veins associated 1-10 Mt of ore @ 5-10 g/t Au; Au, Ag, W, B ± As, Mo;
quartz-carbonate veinGrass Valley (Australia); Giant (NWT), Contact Lake with major fault zones with brittle-ductile shear mostly 25-100 t Au, but many Au:Ag = 5:1 to 10:1;
(California) (SK), San Antonio (MB), Dome, Kerr zones >250 t Au no vertical zoning
Addison (ON), Sigma-Lamaque (QC)
15 Turbidite-hosted Victoria Goldfields Ashanti (Ghana), Otago (New Zealand); Deformed turbidite sequences Quartz-carbonate veins in folds Mostly <5 Mt or ore @ 6-15 g/t Au, Ag, As ± W;
quartz-carbonate vein(Australia) Camlaren (NWT), Little Long Lac (ON), and brittle-ductile shear zones Au; some >500 t Au Au:Ag = 5:1 to 10:1
(Bendigo type) Meguma (NS), Cape Ray (NF)
16 Iron-formationhosted Homestake Jardine (Montana), Cuiaba (Brazil), Mixed volcanic, volcaniclastic Banded strata-bound disseminated 1-10 Mt of ore @ 3-20 g/t Au; Au, Ag, As
vein and (S. Dakota) Hill 50 (Australia); Lupin (NWT), and sedimentary sequences in to massive sulphide lenses some >500 t Au Au:Ag = 5:1 to 10:1
disseminated Farley (MB), Central Patricia and greenstone belts and discordant quartz veins
(Homestake type) Cockshutt (ON)
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Figure 2.3 Schematic representation of the crustal levels inferred for gold deposition 
for commonly recognized deposit types. The depth scale is approximate and 
logarithmic and numbers beside named deposit types coincide with those used in 
Figure 2. 3 and Table 1 and Table 2 (Robert et al. 1997) 
 
2.3 Preg-robbing Carbonaceous Gold ores 
 
The recovery of gold from complex carbonaceous refractory gold ores is challenging. The 
refractory nature of these ores is due to the encapsulation of gold as colloidal gold particles or 
as gold in solid solution in a mineral matrix which is unreactive and impervious during the 
cyanide leaching process. The complexity of processing increases when both the presence of 
disseminated gold in the mineral matrix as well as the interference phases are present in the 
ore. The ore investigated in this research, from Barrick’s Cortez mine in Nevada, USA, is a 
notable example of this type of complex refractory ore which is described as double-refractory 
due to the presence of gold in a sulfide mineral matrix as well as in carbonaceous matter in 
the ore. The other examples of carbonaceous gold deposits with preg-robbing characteristics 
are listed in Table 2.3    
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Table 2.3 Preg-robbing carbonaceous gold deposits (modified from (Miller et al. 2016)) 
 
 
 
Australia/NZ/PNG Canada USA Central/South America Russia Africa
Cosmo Howley McDermott, Ontario McLaughlin, CA Alto Chicama, Peru Kyuchus Africa
Fosterville Gold Project McIntyre Porcupine Maggie Creek, NV Esquel Gold, Argentina Natalinsk, former USSR Agnes
Fortnum Mother Lode Mercur, UT Las Cristinas, Venezuela Nezhdaninskoye Ashanti, Ghana
Gympie Ochali, BC Post, NV Morro do Ouro, Brasil Ternei District, Primorski Krai Athens, Uvuma, Zimbabwe
Hedges Queen Charlotte Island, BC Royal Mountain King, CA Morro Velho, Brasil Barbrook Mine
Jundee Gordon Lake Turf, NV Pueblo Viejo, Dominican Republic Beatrix Gold Mine
Moline Kerr-Addison Turquoise Ridge, NV Rosario Dominicana, Dominican Republic Bibiani, Ghana
Nimary Zortman, MO San Nicolas, Peru Bogosu, Ghana
Paddington Cortez, NV Santa Barbara, Huancavelica, Peru Crown Mines
Stawell Gold Mine Alligator Ridge, NV Evander Gold Mine
Tanami Atlas Gold Bar, NV New Consort
Temora Betz, NV New Machavie
Porgera (PNG) Big Springs, NV President Brand
Macraes (NZ) California Mother Lode, CA Prestea, Ghana
Waihi/Paeroa (NZ) Carlin Gold Mine, NV Randfontein Cooke
Cortez Gold Mines, NV Renco, Zimbabwe
Deep Star, NV Samira, Niger
Donlin Creek, Alaska Sheba
Enfield Bell, NV Sansu, Ghana
Eskay Creek, NV Tarwa, Ghana
Getchell, NV Twangiza, Uganda
Gold Acres, NV West Rand Black Reef
Gold Quarry, Carlin, NV Worcester, Barberton
Goldstrike, NV
Jerrit Canyon, NV
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It should be noted that some of the gold deposits mentioned in Table 2.3 are refractory as well 
due to the occurrence of gold in matrix of carbonaceous matter (TCM) particles. Some of the 
notable examples of carbonaceous refractory deposits are Carlin type deposits of Barrick in 
Nevada, USA (Tabatabaei et al. 2014). If the refractoriness is due to the gold encapsulation 
in TCM matrix as well as the occurrence of gold in sulfide mineral phase in solid solution or 
colloidal form the ores are as termed double-refractory ores (Gorain and Kondos 2012).  
2.3.1 Characterization of carbonaceous matter (TCM)  
 
Carlin type deposits are the most investigated preg-robbing carbonaceous ore (Miller et al. 
2016). Investigations of the carbonaceous matter from Carlin gold deposit, Nevada, USA by 
(Radtke and Scheiner 1970) indicated the presence of mainly three forms of carbonaceous 
matter: 
i. Carbonaceous matter similar to activated carbon which has the ability to adsorb 
gold-cyanide or gold chloride complexes from the pregnant solution 
ii. A blend of heavy hydrocarbons which typically clad the activated carbon species 
usually having no affinity to adsorb gold-complexes and, 
iii. Organic acid similar to “Humic acid” capable of forming organo gold complexes 
through displacement of chloride ion from Au-Cl complex by ligands such as N, S, 
O that are present in organic acids. 
Carbonaceous matter with ores of varying pre-robbing capacity from Barrick Goldstrike mine 
was spectroscopically analyzed by (Stenebraten et al. 1999). Carbonaceous matters showed 
a relatively featureless aromatic structures showing an activated carbon or graphitic type 
matrix with either or thicarbonyl functionality. Humic acids or hydrocarbon substances were 
not present in a detectable amount. 
The carbon content in the Barrick’s Goldstrike mines, Nevada, USA which is also a Carlin type 
deposit, varies from 8.3% to none detected giving rise to a series of preg-robbing 
characteristics ranging from low to high depending upon the maturity of carbonaceous matter 
in the ore. The maturity of the carbon increases from amorphous activated carbon to crystalline 
graphite (Stenebraten et al. 2000). Also, the size of crystallite increases with carbon maturity. 
The gold adsorption and gold recovery behaviour of  carbonaceous matter from Barrick’s 
Goldstrike mines, was examined by (Stenebraten et al. 2000) using a combination of %C and 
crystallite dimension Lc (002). X-ray  diffraction (XRD) analysis indicated an inverse 
relationship between the preg-robbing characteristics of the ore and the crystallite Lc (002) 
dimensions (Figure 2.4) 
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Figure 2.4 showing Graphite structure with d-spacing and relative size differences of 
HPR (High Preg-Robbing) and LPR (Low Preg-Robbing) Crystallites-modified from 
(Stenebraten et al. 2000) 
Stenebraten et al concluded that the crystallite size Lc (002) had a direct correlation with 
bench-top autoclaving and carbon-in-leach (BTAC-CIL) recovery while, Carbon % has an 
inverse relation.  
The structure of carbonaceous matter from different gold mines was characterized using Laser 
Raman spectroscopy by (Helm et al. 2009). A robust method has been developed to predict 
the preg-robbing capacity of carbonaceous matter present in various ores with Raman spectra 
and graphitic carbon concentration. Helm et al concluded that ores having carbonaceous 
matter similar to that of activated carbon showed higher preg-robbing characteristics. Ores 
with carbonaceous matter structure similar to that of graphitic carbon showed low preg-robbing 
characteristics. 
Carbonaceous matter grains from Carlin type deposit was also investigated by 
(Chattopadhayay et al. 2016) using  Laser Raman Spectroscopy and they concluded that the 
structure of TCM grains was similar to that of activated carbon (Figure 2.5) 
 
Figure 2.5 BSE image and Raman spectra of activated carbon, graphite, and coarse 
and fine grained TCM 
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Pyke and co-workers (Pyke et al. 1999) demonstrated that hydrocarbons coat specifically on 
native carbon could increase gold recoveries using flotation experiments and gas 
chromatography-mass spectroscopy (GC-MS) analysis on ore from Fosterville mine. GC-MS 
analysis of hexane extracted standard sulfide float concentrate assayed four times more native 
carbon compared to feed. Pyke et al findings are in agreement with (Radtke and Scheiner 
1970) who postulated that hydrocarbon coats native carbon.  
The variations in carbonaceous matter chemistry due to variations in chemical composition 
and association with other minerals leads to different degree of hydrophobicity which ultimately 
have significant impact on the flotation recovery and selectivity (Holuszko and Mastalerz 
2015). 
Osseo-Asare et.al., critically reviewed the characterization of carbonaceous matter present in 
different carbonaceous gold ores (Natalkinsk and Batkyrchik (U.S.S.R), Carlin (U.S.A)) and 
compared with his own findings on carbonaceous ore from Prestea Goldfields of Ghana 
(Africa). They arrived at a consenus with other researchers who characterized the 
carbonaceous fraction and concluded that carbonaceous matter consists of elemental carbon, 
heavy hydrocarbons and humic acids although humic acid fraction is not quantifiable (Osseo-
Asare et al. 1984). They fractionated the different components of Prestea carbonaceous ore 
with different solvents (Benzene for hydrocarbons, NaOH leaching followed by HCl 
precipitation for humic acids and HF followed by nitric acid for native carbon) and 
characterized the individual fractions with infrared spectroscopy, electroporetic mobility and 
adsorption studies. One of the key points they highlighted is that many investigators on 
carbonaceous ores from Carlin had difference in opinion regarding the identification and 
quantification of humic acids (Radtke and Scheiner 1970, Wells and Mullens 1973, Nelson et 
al. 1982).  
 
2.4 Mineralogy of gold ores 
 
Gold being an inert metal, occurs only in few naturally occurring gold compounds. Gold is 
principally found in native or metallic form (Wills and Napier-Munn 2006). It is often associated 
with Silver. The alloy of gold and silver is called electrum, when the silver content exceeds 
20% (Boyle 1979), which has a pale yellow color due to the presence of silver (Figure 2.6). 
Rarely, gold alloys with Cu, Pt, Bi, Sb. Gold has distinctive characteristics like high reflectivity, 
low hardness and excellent electrical and thermal conductivity (Chryssoulis and McMullen 
2005, Marsden and House 2009). Properties like reflectance can be used in optical 
examination of polished sections (Figure 2.7)  
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Figure 2.6 Schematic showing color gradation of Gold alloys (Marsden and House 
2009) 
 
Apart from the gold compounds, while considering process options and recovery optimization, 
three principal forms of sub microscopic gold occurrences should be considered. The three 
forms of sub microscopic gold occurrences are as follows: 
a) Solid solution gold refers to gold atomically distributed in the lattice of sulfide minerals 
mainly pyrite and arsenopyrite (Cook and Chryssoulis 1990) 
b) Colloidal gold described as sub-micrometre size inclusions of free gold in sulfide 
minerals which is the product of exsolution of solid solution gold or nucleation of 
adsorbed surface gold (Simon et al. 1999, Chryssoulis and McMullen 2005) 
c) Surface bound gold mentioned as the gold identified on the surface of mineral phases 
like carbonaceous matter due to adsorption phenomenon (Adams and Burger 1998) 
 22 
 
Figure 2.7 Schematic to aid determination of gold and gold bearing minerals (Shaded) 
using reflected light microscopy (Marsden and House 2009) 
 
2.4.1 Invisible gold 
 
Solid solution gold and colloidal gold falls under “invisible gold” category due to gold particles 
which are invisible to naked eye or optical microscope. The deposition of invisible gold on 
pyrite and arsenopyrite was investigated by  (Maddox et al. 1998) using surface analytical 
techniques (XPS and FE-SEM) and open circuit potentials to provide evidence on the 
mechanism of gold deposition on sulfides in naturally occurring gold deposits. They concluded 
from open-circuit potential measurements that the gold deposition rate on pyrite from gold 
bearing chloride solutions is governed by the reduction of Auric ion (Au(III)) whereas for 
arsenopyrite is due to oxidation of arsenopyrite. SEM photomicrographs showed more 
effective and uniform gold loadings as well as fine inclusions on arsenopyrite compared to that 
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of pyrite and the results are in agreement with (Genkin et al. 1998) who carried out 
multidisciplinary study on invisible gold present in arsenopyrites from mesothermal Siberian 
gold deposits.  
 
2.4.1.1 Solid Solution Gold 
 
Burg first used the term “invisible gold” which is an indirect reference to solid solution gold 
(Chryssoulis and McMullen 2005) while investigating the visualization of finely divided gold in 
pyrite from a Romanian gold mine ( Bradisor mine ). Concentrations of solid solution gold in 
arsenopyrite are considerably higher when compared to pyrite due to the availability of arsenic 
and differences in crystal chemistry (Cook and Chryssoulis 1990). On the other hand, it 
appears pyrite can also incorporate significant amounts of gold in its crystal structure if and 
only if the concentration of arsenic is greater than 0.2-0.4 wt %. When two different types of 
grain sizes are present solid solution gold tends to concentrate significantly in the finer 
arsenopyrite grains (<20 µm) (Cook and Chryssoulis 1990, Chryssoulis and McMullen 2005). 
Pyrite is a ubiquitous sulfide mineral and its crystal structure may contain significant amount 
of solid solution gold potentially resulting in its becoming the chief carrier of solid solution gold 
present in an ore (Thomas 1997). Examples of typical gold precipitation reactions in pyrite are 
given below (Marsden and House 2009) 
 
 
 
 
 
Typical examples include disseminated sulfidic gold ores of Cortez and Carlin trend in USA 
as well as the deposits in China which lie near the margins of Aba and Yangtze cratons (Wells 
and Mullens 1973, Rui-Zhong et al. 2002). It is reported in the literature that pyrite can exhibit 
different morphological forms ( Figure 2.8 ) with in the same ore where solid solution gold is 
usually higher in one or two morphological types compared to others (Arehart et al. 1993, 
Simon et al. 1999, Chryssoulis and McMullen 2005, Chattopadhayay et al. 2016).  
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Figure 2.8 Figure showing different morphological types of pyrite (Left-Right, coarse, 
porous, fine-grained and microcrystalline)  (Chryssoulis and McMullen 2005) 
The solubility limit of gold in arsenic-rich pyrites from Carlin-type and epithermal deposits was 
investigated by (Reich et al. 2005) using secondary ion mass spectrometry (SIMS), electron 
micro probe analyser (EMPA) and high resolution transmission electron microscopy (HRTEM). 
Their results along with previous published data are presented in Figure 2.9. The line on the 
graph represents the solubility limit. Below this line (Au/As <0.02) Au is present as solid 
solution gold (Au+) whereas samples that fall above the live contains significant amounts of 
Au in native gold nanoparticles (Au0).The findings are in agreement with (Tauson 1999) 
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Figure 2.9 Log (Au) vs Log (As) plot of arsenic-rich pyrites from Carlin-type and 
epithermal deposits. The line represents the solubility limit for gold and is given by 
. Below the line gold is present in solid solution (Au+) form and 
above the line as native gold nanoparticles (Reich et al. 2005) 
A correlation between the amount of Au and As that arsenic-rich pyrites can hold is given by 
Reich as below (Reich et al. 2005) 
 
Where CAu = Concentration of gold (mol%) 
CAs = Concentration of Arsenic (mol%) 
The slope 0.02 indicates a decrease in maximum solubility of Au in arsenic-rich pyrite having 
an order of magnitude of one atom of gold for every 50 atoms of arsenic. 
Although, there is a lot of debate over the chemical state and location of gold in pyrite, there 
is a common consensus that arsenic incorporation in pyrite crystal structure yielded in P-type 
surfaces that are favourable for sorption electronegative gold radicals thereby Au+ occupying 
iron sites and arsenic (As3+) imparting charge balance (Mironov et al. 1981, Chryssoulis and 
McMullen 2005).  
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It is reported in the literature that ores from Chile (El Indo, Chuquicamata and Pascua), Peru 
(Yanacocha), Finland (Pirila) and Canada (Lupin, NWT) may contain significant amounts of 
solid solution gold. The measured range of gold in pyrite ranges from 0.1-8,800 ppm 
(Chryssoulis and McMullen 2005)  
 
2.4.1.2 Colloidal Gold 
Colloidal gold can be described as discrete sub-micrometre size particles which range in size 
from 5-500 nm that are encapsulated primarily in sulfide mineral matrix which are not 
detectable by SEM or optical microscopy but are identifiable by SIMS in-depth profiling 
(Chryssoulis et al. 1987). Colloidal gold can also be imaged and analysed by HR-TEM 
(Hochella et al. 1988, Bakken et al. 1989) 
Colloidal gold can be identifiable by SIMS in-depth profiling. The spikes in gold intensity on 
the depth profile graph indicates colloidal gold (Dimov and Hart 2017) whereas for solid-
solution gold the signal is almost flat as shown in Figure 2.10 
 
 
Figure 2.10 Secondary Ion Mass Spectroscopy (SIMS) depth profiles of sub 
microscopic gold A) Colloidal gold in pyrite B) solid-solution gold in pyrite (Dimov and 
Hart 2017)  
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Although the favourable host for colloidal gold is pyrite, it has been reported in literature that 
colloidal gold was found in Cinnabar, Quartz as discrete particles varying from 50-200 Å and 
Illite as free gold particles up to 1,000 Å (Bakken et al. 1989).  
The following table lists the mechanism for the formation of colloidal gold as reported by some 
researchers (Stephens et al. 1990, Mumin et al. 1994, Simon et al. 1999) 
Table 2.4 Mechanisms for the formation colloidal gold 
Year Researcher Mechanism 
1990 Stephens et.al., Coagulation during roasting of sulfides 
1994 Mumin et.al., Evolved from primary solid solution within 
sulfide/arsenide minerals 
1999 Simon et.al., Exsolution of solid solution gold or nucleation 
of surface adsorbed gold 
 
It appears that there is no correlation between the maximum solubility of colloidal gold and 
arsenic content in pyrite which is not like solid-solution gold. When plotted log As versus log 
Au for pyrite from different types of ores there is no correlation between Au and As for colloidal 
gold as shown in Figure 2.11 
 
Figure 2.11 Au versus As plot for pyrite from different mines (shaded circles indicate 
colloidal gold) (Chryssoulis and McMullen 2005) 
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Colloidal gold dissolves rapidly at very low cyanide concentrations compared to coarser 
grained gold due to its high reactivity resulting from its high specific area (Chryssoulis and 
McMullen 2005) 
2.4.1.3 Surface bound gold 
 
Surface gold can be defined as the gold which is bound to the mineral surface due to any of 
the possible mechanisms which include ion-exchange, adsorption, precipitation or electro 
deposition. Typical examples of this type include adsorption of gold cyanide complex by 
activated carbon granules during carbon-in-leach process. The adsorption mechanism of Au 
(CN)4 – complex on to activated carbon was confirmed by (Adams et al. 1992) with Mossbauer 
Spectroscopy as an iron pair of type M n+ [Au(CN)4 -]n. Other classical example includes the 
adsorption of gold cyanide complex by naturally occurring preg-robbing carbonaceous matter 
in ores. It was identified (Adams and Burger 1998) that various samples from South African 
gold mines have carbonaceous matter which act as Preg-robbers. Apart from carbonaceous 
matter minerals like pyrite have a slight preg-robbing tendency. One of the possible 
mechanisms for this preg-robbing tendency could be adsorption of gold cyanide complex from 
gold bearing solutions. Chryssoulis demonstrated the reductive deposition of gold onto pyrite 
during processing as well as in nature (Chryssoulis 1997).  
It was shown by Adams et.al (1996)., using Mossbauer spectroscopy and scanning electron 
microscopy that other sulfide minerals like chalcopyrite and arsenopyrite adsorbs metallic gold 
on mineral surface defective sites (Adams et al. 1996). Specific adsorption of gold from 
cyanide solution onto different minerals is given in Figure 2.12 
 
Figure 2.12 Specific adsorption of gold from cyanide solution versus different 
minerals (Adams et al. 1996) 
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It appears that chalcocite has highest specific adsorption capacity compared to other minerals. 
The presence of calcium ions on carbonaceous matter has significant effect on gold adsorption 
from cyanide solutions. Concentration of calcium ions will be high in flotation pulps containing 
dolomite and calcite gangue. Abotsi et.al., demonstrated the adsorption behaviour of 
aurocyanide complex on carbonaceous matter of an ore from Prestea Goldfield, Ghana using 
organic matter fractionation, electrophoretic mobility and infrared spectroscopy. They 
observed that the carbonaceous matter in the ore was negatively charged between pH 3.5 
and pH 11 and the adsorption of gold-cyanide complex (Au (CN)2 -) greatly enhanced in 
presence of calcium ions which is due to the chemical interaction of functional groups of the 
organic matter (Abotsi and Osseo-Asare 1986, Abotsi and Osseo-Asare 1987). 
Electrophoretic mobility versus pH values for Prestea carbonaceous ore is presented in Figure 
2.13 
 
Figure 2.13 Effect of calcium ion concentration on electrophoretic mobility of Prestea 
Goldfield ore (Abotsi and Osseo-Asare 1986)  
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2.5 Analytical techniques to identify and analyze gold 
 
A comprehensive list of characterization techniques prevalently employed to identify and 
analyse gold and gold comprising ores is presented in  Table 2.5. The table lists the technique 
along with its detection limits and its application in mineralogical investigation (Zhou et al. 
2004). Some of the techniques listed in Table 2.5 will be applied to characterize gold 
deportment.   
Table 2.5 Various techniques to identify and analyze gold (Zhou et al. 2004) 
 
 
QEMSCAN, an automated mineral analyzer developed by CSIRO, Australia three decades 
ago (Butcher et al. 2000) is an indispensable tool in mineralogical analysis of different ores 
(Creelman et al. 1989). Complex refractory gold ores from north-western Western Australia 
were characterized mineralogically using QEMSCAN and diagnostic leaching to identify the 
mineralogy, mineral association, mineral liberation and quantification of visible gold present in 
the ore (Goodall et al. 2005). A method has been proposed to characterize visible gold in the 
ore which forms the basis for more in depth analysis of invisible gold using microbeam 
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techniques. Although the analyzed ores are refractory it appears that carbonaceous matter 
which is a significant challenge in identification and characterization was absent (Goodall et 
al. 2005, Goodall and Butcher 2012).  
The key problem in analyzing carbonaceous gold ores with SEM-based automated mineralogy 
systems such as QEMSCAN/MLA is identification and analysis of carbonaceous matter 
(Wightman and Evans 2016). The back scattered electron (BSE) values of carbonaceous 
matter is similar to that of the mounting resin medium (Tabatabaei 2012) and is very difficult 
to differentiate. The use of various sample mounting materials were investigated which 
includes modified epoxy resins (iodinated/brominated/chorinated/barium doped) as well as 
iodoform doped chlorinated epoxy to distinguish carbonaceous matter from mounting medium 
(Gottlieb et al. 1990). One of the major challenge in analyzing low grade gold  samples using 
automated image analysis and surface analytical techniques is the representativity of the 
samples/polished sections that are subjected to analysis (Henley 1992, Goodall et al. 2005). 
The reason for this behavior is due to low gold abundances in ppm range. It was demonstarted 
by (Jones and Cheung 1988) that the number of sections required for scanning gold with a 
confidence level of 95% depends upon the gold grain diameter and gold concentration in the 
sample. The findings from the work of Jones et.al., are presented in Table 2.6 
Table 2.6 Number of sections required for scanning as a function of gold grain 
diameter and gold concentration 
Gold Grain 
Diameter (µm) 
Gold concentration in sample 
1 ppm 10 ppm 100 ppm 
Number of sections requiring scanning 
1 2 <1 <<1 
10 200 20 2 
100 20000 2000 200 
 
If the sample conatains a gold concentration of 1 ppm and a grain size of 1 µm the number of 
sections require for representativeness is 2. The number of sections required for 
representativeness increases significantly with increase in gold grain diameter as can been 
seen from Table 2.8 
The sophisticated surface sensitive analytical technique nano-SIMS was used to evaluate 
trace elements like Au, As, S, Cu and Sb and isotopes of sulfur (34S/32S ) in pyrite from West 
Banshee and Turquoise Ridge (Carlin-type) gold deposits by Barker et.al (2009). “NanoSIMS 
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maps (Figure 2.14) reveal that gold occurs in two discrete episodes in each deposit. Elevated 
gold concentrations correlate with elevated concentrations of As, Sb, Cu ± Te, and lower 
34S/32S ratios, compared to periods when gold was not deposited” (Barker et al. 2009) 
 
 
Figure 2.14 NanoSIMS maps showing the concentration Au, As, S in pyrite from West 
Banshee deposit (Nevada) during different stages (Barker et al. 2009) 
These findings confirm the wide variations in the crystal chemistry of the ores from Carlin-type 
ores. 
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Heavy Liquid Seperation (HLS) and Super Panning (SP) are the most commonly used gravity 
preconcentration techniques to concentrate gold and gold bearing minerals for further 
characterization using automated image analysis and microbeam techniques (Zhou et al. 
2004, Chattopadhayay and Gorain 2014, Chattopadhayay et al. 2016). HLS is performed in a 
centrifuge using a liquid with a specific gravity of 2.95 to separate dense minerals (sulfides, 
oxides, gold etc.) from less-dense minerals (Carbonaceous matter, carbonates and silicates 
etc.). The sinks fraction or the denser mineral fraction is panned on a superpanner to separate 
gold, sulfides and silicates for further morphological and surface analysis. Different fractions 
of a superpanner concentrating a sulfide gold ore is shown in  Figure 2.15. The Tip of the 
super panner usually contains liberated gold particles. 
 
 
Figure 2.15 Superpanner concentrating different fractions from an sulfide gold ore 
(Zhou et al. 2004) 
2.6 Significance of oxidation of pyrite on flotation 
 
The flotation of sulfide mineral especially pyrite is very important due to the occurrence of gold 
in sulfide mineral matrix. One of the significant factor affecting the flotability of pyrite is 
oxidation and subsequent formation of surface products. The formation of surface products 
on pyrite affects the reagent-mineral interaction and hence flotability. 
Sulfide mineral oxidation arises from the reaction of mineral surface species with water and 
oxygen (Buckley and Woods 1987, Moses et al. 1987, He 2006). Initially, metal ions migrate 
to the surface and dissolve in acidic solutions leaving behind a sulfur-rich surface; in alkaline 
conditions, these metal ions hydrolyze and form a layer of metal hydroxide above the sulfur-
rich mineral surface (Buckley and Woods 1984, Chander 1991). Depending on the extent of 
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oxidation of mineral, the sulfur-rich surface consists of a metal-deficient sulfur lattice, 
polysulfide or elemental sulfur. The reactions are presented below. 
2
2 (1 ) 2( ) 2 / 2 nMS MetalSurface nH n O M S nM nH O
 
      (acidic) 
2 2 (1 ) 2( ) 1/ 2* * ( )nMS MetalSurface n O nH O M S nM OH     (alkaline)     
Mechanisms of pyrite oxidation have been studied extensively and reviewed thoroughly 
(Hamilton and Woods 1981, Buckley and Woods 1987, Moses et al. 1987, Moses and Herman 
1991, Chander et al. 1993, Chernyshova 2003, Rimstidt and Vaughan 2003, Evangelou and 
Zhang 2009, Chandra and Gerson 2010, Chiriţă et al. 2014). Hamilton et al. (Hamilton and 
Woods 1981) investigated pyrite surface oxidation mechanism using cyclic voltammetry 
coupled with Eh-pH diagrams. Their techniques involved pyrite surface oxidation during a 
linear potential sweep and analysis of the anodic oxidation products from the characteristics 
of their reduction behavior on a subsequent reverse potential scan. Their test results indicated 
the oxidation of pyrite to both sulfur and sulfate. At pH 9.2 and 13, the formation of sulfur is 
restricted to the order of a monolayer, but significant yield occurred at pH 4.6. They also 
concluded that with an increase in potential the proportion of sulfate formed increased rapidly. 
The mechanism of pyrite oxidation has also been studied over the pH range 6-9 at 30o C in 
0.1 M KCl under conditions of fixed pH and pO2 (Goldhaber 1983). Results demonstrated that 
metastable sulfur oxyanions were detected as intermediates in the sulfur oxidation pathway. 
Furthermore, the major species observed are tetrathionate and sulfate at lower pH values (6-
7), as pH is increased these ions diminish concerning thiosulfate and sulfite. Speciated 
dissolved sulfur has been used as a reaction progress variable (Moses et al. 1987). This study 
carried out differently from previous studies on sulfur mineral oxidation where researchers 
have followed decrease in redox potential, consumption of oxidant either O2 or Fe 3+ or 
increase in total Fe concentration (Moses et al. 1987) Furthermore they state that the objective 
of studying sulfoxy intermediates was to look for clues regarding the rate-limiting step in pyrite 
oxidation. Test results indicate that the convergence of pyrite oxidation rates in dissolved 
oxygen and ferric-saturated solutions as pH increases is caused by the combined effect of the 
increasing rate at which dissolved oxygen can recycle Fe and the decreasing solubility of 
ferric. When pH increases the pyrite oxidation system becomes more dependent on the ferric 
recycling reaction and less dependent on the reservoir of dissolved Fe (III). It has been 
proposed that pyrite oxidation in aqueous solutions produces sulfate and ferrous iron, with 
intermediate species such as polythionates, thiosulfate, and sulfite (Chandra and Gerson 
2010). These researchers also proposed the occurrence of other species such as elemental 
sulfur, polysulfides, hydrogen sulfide, ferric hydroxide, iron oxide and iron (III) oxyhydroxide. 
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The rate of oxidation is affected by solution potential (Eh), pH, type of oxidant and its 
concentration, grain size and surface area of solution volume, hydrodynamics, temperature, 
and pressure. They stated that the solution potential (Eh) is very critical which directly 
correlates with normalized rates of surface area as expected for an electrochemically 
controlled process. Furthermore, they indicated the significance of electrochemical processes 
during their oxidation studies on mixed mineral systems. A quantitative evaluation of the 
individual factors contributing to pyrite oxidation has also been presented (Singer and Stumm 
1970). According to their experimental results, they proposed the model for pyrite oxidation 
concerning acid mine drainage. Reaction mechanisms for pyrite oxidation are described by 
the overall stoichiometric chemical reactions: 
2 2
2 2 2 47 / 2 2 2FeS O H O Fe SO H
        
3 2 2
2 2 414 8 15 2 16FeS Fe H O Fe SO H
         
2 3
2 21/ 4 ( ) 1/ 2Fe O aq H Fe H O
       
A more detailed study of oxidation products of pyrite has been conducted (Buckley and Woods 
1987) using X-Ray photoelectron spectroscopy (XPS). When pyrite was exposed to air, with 
in first few minutes, they identified iron sulfate at fracture surfaces. They observed an increase 
in the amount of iron sulfate with an increase in exposure time under ambient conditions. After 
prolonged exposure iron oxide was also formed which indicated the formation of sulfur 
products in addition to sulfate. On the other hand, they identified that “surfaces abraded under 
water appeared to have undergone stoichiometric alteration, with iron-rich and sulfur-rich 
regions being formed. Iron oxide but no sulfate was present after the exposure of these 
surfaces to air for a few minutes. Again, it is believed that an iron-deficient sulfide lattice is 
formed rather than elemental sulfur” (Buckley and Woods 1987). 
More recently Jin et.al., investigated the surface oxidation of pyrite and its effect on interfacial 
water structure using SEM, contact angle and molecular dynamic simulation (MDS). They 
confirmed using SEM and contact angle measurements that ferric hydroxide islands on the 
pyrite surface (100) is responsible for the hydrophilic nature during surface oxidation of pyrite 
(Jin et al. 2015). Molecular dynamic simulations revealed the hydrophobic character of the 
pyrite surface when ferric hydroxide is absent and attributed the reason to weak interaction 
between the surface atoms and interfacial water molecules. On the other hand, the presence 
of ferric hydroxide imparted hydrophilic characteristic to the surface due to hydrogen bonding 
and electrostatic interaction between ferric hydroxide and interfacial water molecules (Figure 
2.16) 
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Figure 2.16 Snapshots for interfacial water at the pyrite (100) surface. The atoms' color 
codes are as follow: red, O in water; white, H in water; blue, O in hydroxide; light blue, 
H in hydroxide; orange, ferric cation; yellow, S in pyrite; green, Fe in pyrite or 
polysulfide; light green, S atoms in polysulfide; light yellow, elemental sulfur (Jin et al. 
2015) 
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2.7 Mechanism of xanthate interaction with pyrite mineral surface 
The use of xanthate as collector in flotation of sulfides/pyrite in Cortez refractory ore by Barrick 
as well as in this research work emphasize the significance of the interaction mechanism of 
xanthate with pyrite mineral surface. Understanding the xanthate-sulfide reaction mechanism 
is very important for the desired flotation performance of the sulfide mineral. 
The reactions between sulfide minerals and aqueous solutions like oxidation, reduction, and 
adsorption play an important role in dictating the performance of flotation process. Control and 
manipulation of these reactions is the key to achieve optimum selectivity in flotation. Therefore 
the mineral processing researchers should be familiar with these reactions (Ralston 1991). 
Common collectors employed in sulfide mineral flotation include xanthates, dithiophosphates, 
dithiocarbamates, fatty acids, and amines, of these xanthates, are most widely used and 
researched thoroughly. Several mechanisms have been proposed for the adsorption and 
reaction of xanthate with the mineral surface. Most of these reactions are electrochemical 
(Majima and Takeda 1968, Ball and Richard 1976, Woods 1976, Janetski et al. 1977, Ross 
and Van Deventer 1985, Woods and Richardson 1986, Rao and Finch 1988, Grano et al. 
1990, Chander 1991, Wang and Eric Forssberg 1991, Fornasiero and Ralston 1992, Xiang-
Huai 1995, Tolley et al. 1996, Teague et al. 1999, Chandra 2009) which are presented below. 
 
i. Chemisorption of xanthate ion (X-) 
   
Adsorption
X X e       
 
ii. Oxidation of xanthate ion to form dixanthogen (X2 the dimer of xanthate, is a non-
soluble species) 
 
22   2
Oxidation
X X e      
   
iii. Formation of metal xanthate 
 
0
22   2 MS X MX S e
        
which can further catalyze to form MX and X2 on the mineral surface 
 
2 2
1
 
2
MX MX X    
the corresponding cathodic reaction for the above reactions is considered to be the reduction 
of oxygen 
 
2 22 4  4
Reduction
O H O e OH      
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adsorption of xanthate may also occur by an exchange mechanism with the metal hydroxide 
at the mineral surface 
   22 2   2M OH X MX OH
    
The adsorption of thiol collector onto the surface of sulfide minerals only occurs when the 
oxidation potential is above a certain value (Majima and Takeda 1968, Rao et al. 1976). 
Chemisorption of thiol collector is thermodynamically favored if the potential is lower than the 
reversible potential for metal thiolate formation (Woods 2003) while the potential for the 
formation of dixanthogen is higher than that for the formation of the metal xanthate (Leppinen 
et al. 1989, Ralston 1991). The species responsible for flotation when xanthate collector is 
added is dixanthogen (Fuerstenau et al. 1968) which has been confirmed by infrared 
absorption. They concluded that oxidation of xanthate by iron (III) species is responsible for 
dixanthogen formation. Leppinen et al and Fuerstenau et al. (Fuerstenau et al. 1968, Leppinen 
et al. 1989) examined the interaction of ethyl xanthate on pyrite at pH 9.2 by identifying the 
species formed in electrochemical reactions by in situ FT-IR measurements of ethyl xanthate 
adsorption on mineral surface and concluded that dixanthogen is the only surface product 
formed on pyrite, and this is in agreement with the studies of Majima and Takeda (Majima and 
Takeda 1968). Xanthates may also interact with surface metal hydroxide layers to form metal-
xanthate complexes which are hydrophobic and hence affects the mineral hydrophobicity and 
floatability (Ralston 1991). Contrary to previous studies, Wang and Forssberg (Wang and Eric 
Forssberg 1991) demonstrated the formation of Fe(III)-xanthate compounds on pyrite surface 
under normal flotation conditions, which are strongly bonded to pyrite surface above which 
dixanthogen and xanthate ions are co-adsorbed as multiple layers. They performed 
thermodynamic stability studies, electrochemical measurements, and FT-IR spectroscopic 
studies to determine the formation and identification of surface species on pyrite surface. 
Depending on the concentration of ethyl xanthate the ferric dihydroxy ethyl xanthate species 
formed on pyrite surface can either improve or deteriorate the flotation of pyrite. They conclude 
that dixanthogen is not the sole species responsible for flotation behavior of pyrite. The 
findings are in good agreement with Jiang et al. (Jiang et al. 1998) who confirmed by zeta 
potential, thermodynamic calculations and flotation experiments that “ferric and ferrous ions 
have a strong depressing effect on pyrite when potassium ethyl xanthate is used as a collector 
in the neutral to weakly alkaline pH range (pH 6-9.5). The complete or partial depression of 
pyrite is mainly attributed to the reactions between xanthate and ferrous/ferric ions to form the 
poorly hydrophobic ferric dihydroxy xanthate on the surfaces and in solution. Their studies 
also confirmed that depending on the degree of surface oxidation, ferric xanthate compounds 
are also responsible for the flotation of pyrite in addition to dixanthogen” 
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2.8 Effect of metal cations on flotation of pyrite 
 
The presence of calcium and magnesium carbonate minerals and iron oxide phases in Carlin-
type ores significantly affects the flotation pulp chemistry by releasing the ions from minerals 
into flotation pulp. These ions, depending upon the pulp conditions form precipitates on 
valuable mineral and contribute to changes in mineral hydrophobicity.  
It is well established that metal cations present in the solution can activate or depress sulfide 
minerals. The mechanism of activation and depression of sulfide minerals by metal cations 
has been extensively reviewed and investigated (O'Connor et al. 1988, Xiang-Huai et al. 1989, 
Xiang-Huai et al. 1989a, Finkelstein 1997, Zhang et al. 1997, Dichmann and Finch 2001, 
Fuerstenau et al. 2007, Chandra 2009, Peng et al. 2012, Umipig et al. 2012). 
In the presence of ions such as Cu2+, Fe2+, Ca2+ galvanic coupling between sphalerite and 
pyrite particles is accelerated. It has been shown (Zhang et al. 1997, Dichmann and Finch 
2001) that pyrite flotation is not affected in the presence of sphalerite when metal ions like 
Cu2+, Fe2+, Ca2+ are absent in the system. The flotation of pyrite drastically decreases when 
metal ions are present. The floatability even lower than pyrite alone in the absence of metal 
ions which implies competition for ions in case of Fe2+, Ca2+ or xanthate collector molecules 
in case of Cu2+ which results in pyrite depression. 
The depression effect of certain ion such as Ca2+ and SO42- which are present in flotation 
process waters has been studied (Ikumapayi 2010). It has been revealed that the zeta 
potential characteristics of pyrite and xanthate adsorption behavior are significantly influenced 
by calcium ions. Their FT-IR studies demonstrated that xanthate adsorption on pyrite surface 
in process water and water containing calcium ions was influenced due to the presence of 
hydrated surface oxidized species and surface iron and calcium carbonates at pH 10.5. Zeta 
potential of pyrite in the presence of different types of water and water containing different 
concentrations of calcium ions is shown in Figure 2.17. 
The role of depressants such as starch and metabisulfite on pyrite flotation at pH 6.5 and 10 
as well as pyritic copper ore at pH 6.9 and 12 have been studied (Gulay et al. 2011). It has 
been shown that metabisulfite is more effective at pH 6.5 or 6.9 than pH 10 or 12, while starch 
is more effective at pH 12. Also, higher dosages of metabisulfite are required to depress pyrite. 
Farrokhpay et al. have also successfully used metabisulfite as a depressant in a complex 
copper-zinc ore contained about 80% pyrite (Farrokhpay et al. 2010). In this research work 
sodium metabisulphite (SMBS) was used to depress pyrite during grinding stage. 
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Figure 2.17 Zeta potential of pyrite in the presence of different types of water and water 
containing different concentrations of calcium ions (Ikumapayi 2010). 
2.9 Flotation of carbonaceous matter 
 
Many researchers have demonstrtaed the use of flotation technique to float carbonaceous 
matter from carbonaceous refractory gold ores. Flotation of carbonaceous matter from a 
carbonaceous sulfidic gold ore was demonstrated by McIntyre Porcupine Mines Limited, 
Schumacher, Ontario using fuel oil, MIBC and Quebracho as collector, frother and dispersant 
respectively for carbonaceous matter (Nice 1971). The X-ray pattern of carbonaceous matter 
from the ore showed a disordered graphite structure. Gold deportment studies showed 4.5%-
4.8% of total gold locked in these graphitic particles. The effect of collector type and 
concentration on the recovery of carbonaceous matter from Carlin gold ore was investigated 
by Han et.al (Han and Chen 1990). They attributed the poor carbonaceous matter recovery to 
oxidation and proposed that subjecting the ore to reduction environment using hydroxylamine 
hydrochloride prior to flotation significantly improves the carbonaceous matter recovery. The 
best flotation recovery of carbonaceous matter was obtained using aromatic oils as collector 
and sodium silicate as a dispersant. Few investigators have also reported succes in 
depressing carbonaceous matter effectively using depressants and floating off the sulfides 
from carbonaceous sulfidic gold ores. A notable example is the patent filed by Breewood et.al., 
who investigated the use of “calcium lignin sulfonate” to effectively depress carbonaceous 
matter from a carbonaceous pyritic gold ore (Breerwood and Narberth 1938). They also had 
success in using the same technique to depress carbon and float calcite from carbonaceous 
limestone ore. Pyke et.al., demonstrated the use of  sodium napthalene sulfonate (SNS) to 
depress carbonaceous matter present in an carbonaceous sulfidic gold ore from Fosterville 
gold mine in Victoria, Australia. They found that above optimum SNS depressant dosage (250-
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275 g/t) resulted in depression of  gold bearing sulfides (Pyke et al. 1999). Compared to other 
ores studied Fosterville ore contains significantly less carbonaceous matter content (Native 
carbon + Organic carbon = 0.38%). The use of depressing reagent Cyanamid 637 by 
American Cyanamid Company in flotation of auriferous sulfide to depress carbonaceous shale 
from Witwatersrand, South Africa was mentioned by Guay et al.,. Test results indicated 
excellent gold recovery (90.5%) and ratio of concentration (20.4/1) (Guay and Gross 1981) 
2.10 Key factors affecting flotability of gold and gold bearing minerals 
 
2.10.1 Particle size and shape of grains 
In flotation process particle size is the key factor that dictates the recovery of the mineral 
particle due to the fact that particles of various size and liberation class have different kinetics. 
In general, limits exist and  the flotation recovery of particles having intermediate size classes 
is optimal (Runge et al. 2013). The high density and platy/flaky shape of particles of gold 
exacerbate this effect. Haycock analysed the size of gold grains from fifty Canadian gold mines 
and concluded that 75% of the gold grains fall within 6-100 µm size range (Haycock 1937, 
Allan and Woodcock 2001). The upper and lower limits for gold particle size for different type 
of gold bearing ores are given by Allan and Woodcock (Allan and Woodcock 2001). They 
clearly states that the limits are affected by various factors that include particle shape, density, 
type of collector and other factors and they proposed the lower limit for flotation of gold mineral 
is around 2-5 µm and the upper limit is thought to be about 200 µm based on their literature 
review (Figure 2.18). 
The flotation of coarse gold particles (+212 µm) from a gravity recoverable gold using flash 
flotation with enhanced collector concentration was demonstarted by (McGrath et al. 2015). 
The effect of collector concentration on the recovery of coarse gold using the flash flotation 
technique is shown in Figure 2.19 which clearly shows that enhanced recovery of coarse gold 
particles (+212 µm) with 50 g/t of PAX collector concentration. 
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Figure 2.18 Distribution of native gold grains in different type of gold bearing ores. 
Data taken from (Allan and Woodcock 2001). 
 
Figure 2.19 Effect of collector concentration on recovery of gold minerals of different 
size clasess. 
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Gold being malleable and ductile forms flaky particles during the comminution process 
(Rickard 1917). It has been reported that coarse flaky gold reported to column flotation tailings 
at Kemess (Canada)  and Grasberg (Indonesia) mines although the column cells are effective 
in recovering finer gold size ranging from 5-70 µm (Chryssoulis et al. 2004). It has been shown 
by Chryssoulis et.al., that particle size 5-7 µm exhibit a rapid drop in flotation recovery while 
finer particles below 5 µm are significantly lost to the slimes as shown in Figure 2.20. Coarse 
flaky gold from column tails is shown in Figure 2.21. 
Also, particles with sharp edges and irregular elongated shape are very difficult to attach to 
air bubbles in flotation in addition to their fine size. Particles which have more 
acuteness/sharpness are known to inhibit the movement of contact line resulting in low 
flotation recoveries (Oliver et al. 1980, Hicyilmaz et al. 2006). Fine particles which are shown 
are very difficult to attach to air bubbles due to low collision efficiency resulting in low flotation 
rate and recovery (Yoon and Luttrell 1989). The fine particles have a tendency to stick to 
coarse particles (slime coating) which may result in misplacement or loss to tailings. The 
occurrence disseminated gold (<2 µm) in sulfide and carbonaceous matter in Carlin-type gold 
deposits pose a significant challenge in flotation even if they are fully liberated after ultra-fine 
grinding. 
 
 
Figure 2.20 Fine free gold recovery with respect to different size clasess in cleaner 
flotation circuit (Chryssoulis et al. 2004) 
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Figure 2.21 Flaky gold from column tails (Chryssoulis and McMullen 2005) 
 
 
Hallbauer et.al., studied the effect of different comminution techniques on morphology of gold 
grains from Witwatersrand reefs. Flattened gold particles are observed after treatment with 
different milling techniques with pyrite and quartz being embedded on the gold particle surface 
(Hallbauer and Joughin 1973). This pehenomenon may reduce the recovery of coarse flaky 
gold particles in flotation (Forrest et al. 2001).   
Flotation of coarse flaky gold grains need heavier collector loadings (Chryssoulis et al. 2003). 
The effect of collector loadings on clean gold surface, gold grains with depressants and clean 
flaky gold is presented in Figure 2.22.  
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Figure 2.22 Collector di-iso butyl di thio phosphate (DIBDTP) loadings on different 
gold grains (circle: clean surface, triangle: with depressants, Square: coarse flakes 
(100-200 µm) (Chryssoulis et al. 2003) 
 
2.10.2 Effect of silver content on flotation of gold 
 
There exists a relation between the silver content of the gold grains and the flotation recovery. 
For some ores like Phoenix (Nevada) it was shown that silver poor gold grains were lost to 
tailings compared silver-rich free gold grain. While for other ores the reverse trend was 
observed as shown in Figure 2.23 (Chryssoulis and McMullen 2005) 
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Figure 2.23 Effect of silver content on flotability of gold grains 
 
Further investigation on the ore from Bulyanhulu (Tanzania) revealed that silver content and 
sulfur has significant effect on flotation kinetics of free gold grains as shown in Figure 2.24 
which led to the development of collectors matching the silver content of gold grains 
 
Figure 2.24 Silver and sulfur loadings on gold grains  with different kinetics 
(Chryssoulis and McMullen 2005) 
 
The grains which are fast floating showed high silver and sulfur loadings in their surface layer 
while the rejects had poor silver and sulfur loadings. At this stage there is no information of 
the silver content of gold grains present in Cortez ore being investigated, except the bulk siver 
concentration in flotation feed as measured by trace elemental analysis which is 1.6 ppm 
(Gorain 2014). 
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2.10.3 Effect of surface modifiers (Activators, depressants and slime coating) 
 
Chryssoulis and Mc Mullen ranked the surface modifiers which affect the flotability of free 
native and electrum particles based on comparative analysis of floated with rejected gold and 
gold bearing particles from ten different mines. They identified, sulfur, silver, copper and lead 
species as activators while iron oxides, hydroxyl ions, calcium, magnesium, phosphate 
carbonate and arsenate species as depressants (Chryssoulis 2001, Chryssoulis and 
McMullen 2005). The results are presented in Figure 2.25 
 
Figure 2.25 Ranking of surface modifiers affecting flotability of gold and gold bearing 
minerals (Chryssoulis and McMullen 2005) 
Zanin and Farrokhpay used ToF-SIMS to identify the surface species on pyrite particles from 
fast floating and slow floating fractions. They found that fast floating particles from rougher 
concentrate had higher copper and iron species compared to slow floating pyrite particles 
(concentrate from last scavenger cell). On the other hand, depressed particles had less Cu, 
Ca, Al and O due to partial oxidation and adsorption of calcium ions, carbonates deposition 
and slime coating with ultra fine silicate particles (Zanin and Farrokhpay 2011). Their ToF-
SIMS results are presented in Figure 2.26 
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Figure 2.26 ToF-SIMS data showing different species on surface of pyrite particles 
from fast floating and slow floating fractions. 
The effect of slime coating was explained in detail while examining gold particles in a rougher 
concentrate, mill discharge and regrind cyclone underflow from a porphyry copper-gold ore 
(Freeport McMoran, Indonesia) by Agorhom using SEM-EDX and ToF-SIMS analysis 
(Agorhom 2014). Interestingly, the author concluded that in the size range -53 + 38 µm silver 
content had negligible effect on gold recovery. Graphical representation of EDX spectra 
showed increased amount of Fe, Si and Al which coated the silver surface of gold grains from 
mill discharge. Silver surface was exposed again in regrind mill cyclone underflow due to 
removal of surface coatings (Farrokhpay et al. 2010). The reason could be attributed to attrition 
of particles in hydrocyclone ( Figure 2.27) 
 
Figure 2.27 Comparing the surface composition of clean gold particles from different 
streams. 
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They confirmed the results with ToF-SIMS analysis. Higher levels of Fe, S and O are observed 
in the attched material from mill discharge which indicate the presence of pyrite and Fe-oxide 
surface coatings. SIMS images are shown in Figure 2.28 
 
Figure 2.28 SIMS images of gold particles with surface contaminats from mill 
discharge (-53+38 µm, scale=10µm) (Agorhom 2014) 
 
2.11 Flotation of carbonaceous double refractory gold ores 
The key objective of this research work is to understand the effect of mineralogy and surface 
chemistry on flotation performance of a complex double refractory gold ore from Barrick’s 
Cortez mine in Nevada, USA and to identify the potential reasons that cause poor flotation 
recovery of gold.  
It is important  to emphasise the fact that there is only limited published literature on flotation 
of carbonaceous double refractory gold ores. Considering the wide variations in the 
mineralogical characteristics of the carbonaceous double refractory gold ores with in the same 
ore body only compounds this effect.  
A classical example of published research in the area of carbonaceous double refractory gold 
ore flotation is the research work carried out by Kappes et.al., on two different ores from Carlin 
(composite stock pile) which contain varying proportions of sulfide minerals (Pyrite, 
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arsenopyrite and arsenian pyrite) (Kappes et al. 2009). The modal mineralogy of the ores are 
presented in Table 2.7 
 
Table 2.7 Modal mineralogy of two different feed types from Carlin (Kappes et al. 2009) 
 
It is  interesting to note that the ores do contain traces of carbonaceous matter and their 
research is focused on determining the flotabilities of sulfide minerals using flotation 
experiments and analysis of the samples using MLA. 
Most recent research on carbonaceous double refractory gold ore is from Barrick’s Goldstrike 
mine, investigated by Tabatabaei et.al. (Tabatabaei 2012, Tabatabaei et al. 2014). Their 
research was focused on the effect of Non Sulfide Gangue (NSG) minerals on the flotation 
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recovery of gold bearing phases (TCM, Pyrite and Silicates). Initially the ore components were 
separeted into various fractions using gravity concentration techniques followed by flotation of 
the mixture of various isolated mineral fractions. No detailed surface chemistry studies were 
carried out nor was the carbonaceous matter charcaterized. The gold deportment of the 
Goldstrike ore is totally different (gold present in silicates, TCM and sulfides) to that expected 
for the Cortez ore which is the subject of this research. The ore is dominated by silicate gangue 
as is the common case with these type of ores. 
It is interesting to note that the flotation of pyrite and of carbonaceous matter/coal individually 
has been widely investigated and well documented by many researchers but their flotation 
response in carbonaceous ores is less well researched. 
The common collectors employed in carbonaceous matter flotation  are similar to those that 
are used in coal flotation. Hydrocarbon oils such as diesel oil and kerosene are used as 
collectors along with MIBC frother. Alternative reagents for diesel oil are also devloped and 
reported in literature to enhance the flotation seperation efficiency of coal. The use of 
emulsified diesel oil which constitutes a mixture of diesel, surfactant and water (27:3:70) to 
enhance the flotation performance of Guandi and Xingtai coal has been reported by Weiwei 
et.al. (Weiwei et al. 2012). The other notable example is the use of tetra hydrofurfuryl esters 
(THF) for enhanced flotaton of low rank and oxidized coals (Jia et al. 2002). Other collectors 
investigated in their research are dodecane and their structure is shown in Figure 2.29 
 
 
Figure 2.29 Molecular structure of various coal collectors (A and B represents polar 
and hydrocarbon chain respectively) (Jia et al. 2002) 
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2.12 Summary and conclusions 
 
The primary objective of this comprehensive literature review is to understand the mineralogy 
and surface chemistry of gold and gold bearing ores. The emphasis is very much on Carlin-
type ores and its key mineral phases, carbonaceous matter (TCM) and pyrite due to fact that 
these key phases are important to this research work. Latest developments in this regard 
include but not limited to  identification and quantification of invisible gold present in various 
mineral phases using sophisticated surface sensitive techniques like Dynamic SIMS and SEM 
based automated mineralogy systems.  
There exists a common consensus that not all the carbonaceous matter present in the ores 
impart preg-robbing characteristics. For example carbonaceous matter in the ores from the 
Witwatersrand reef does not affect gold recoveries during cyanidation due to different 
characteristics of the carbonaceous matter in those ore. Characterization of the carbonaceous 
matter is very important to understand its process implications particularly the preg-robbing 
characteristics and its constituents vary for different ore bodies.  
Although, pyrite exists in different morphological forms there is no published literature on 
carbonaceous double refractory gold ores from Carlin-region regarding the morphological 
types of pyrite and the amount of gold it contain in each phase as well as the mass proportion 
of each morphological form of pyrite. 
The gangue mineralogy of the carbonaceous ore from Carlin-type deposit is dominated mainly 
by silicates and moderately by carbonates (dolomite). Gold mineralization is present mostly in 
sulfides, silicates and carbonaceous matter. 
Due to the wide variation in mineralogical characteristics of gold and gold bearing ores even 
within the same deposit there is no universally applicable protocol to evaluate the process 
performance. Each ore is different and needs careful assessment to understand the factors 
affecting the process (Lunt and Briggs 2005). 
There is limited published research on the flotation of carbonaceous refractory gold ores from 
the Carlin, Nevada region. Notable examples are the studies carried out by Kappes (Kappes 
et al. 2009) and Tabatabaei (Tabatabaei 2012, Tabatabaei et al. 2014). However neither of 
these studies used detailed gold deportment and surface chemical studies to interpret the 
flotation performance of the carbonaceous ore. Similarly detailed studies on the type of 
carbonaceous matter (activated, humic acids or organic hydrocarbons) aswell as 
quantification of the different morphological types of pyrite have not been carried out.  
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The gaps in the literature have been identified. The motivation for this research is to have a 
clear understanding on the effect of mineralogy (Modal mineralogy, liberation characteristics, 
mineral association, gold deportment) and surface chemistry (TCM and Pyrite) on the flotation 
performance of the carbonaceous double refractory gold ore from Barrick’s Cortez mine in 
Nevada and to identify the causes resulting in gold losses to tailings and misplacement. To 
bridge the gap in literature a novel experimental approach has been designed and tested to 
understand the effect of mineralogy and surface chemistry on flotation performance of Cortez 
carbonaceous double refractory gold ore. Research question and hypothesis is presented in 
the previous chapter and experimental methodology is presented in the next section. 
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Chapter 3 Experimental methodology 
 
3.1 Introduction 
This chapter of the thesis provides a detailed account of the experimental methodology 
adopted to test the hypotheses presented in chapter 1. Firstly, details of the ore, techniques, 
and procedures adopted for detailed mineralogical and chemical characterization of the ore 
are presented. The methodology used in the detailed gold deportment studies is also 
described. 
The procedure for a preliminary investigation of solution chemistry and flotation experiments 
is described. The procedure for mineral characterization and surface analysis of flotation 
products is presented in detail to interpret the reasons for flotation performance. 
3.2 Ore Details 
The ore used in this research, was obtained from Barrick Gold Corporation’s Cortez gold mine 
which is located in Nevada, the USA, as shown in Figure 3.1 
 
 
Figure 3.1 Map showing location of Cortez mine (Source: Barrick website) 
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Cortez mine is a Carlin-type ore deposit, which is sediment hosted disseminated gold (SHDG) 
deposit. Most of the economic gold mineralization is hosted in limy to dolomitic mud stones 
along with the presence of naturally occurring carbon which imparts preg-robbing 
characteristics to the ore (Chattopadhayay and Gorain 2014) 
The motivation for this research comes from one of Barrick’s emerging innovation focus areas 
which are the development of processing techniques for low grade and refractory gold ores. 
Cortez mine is one of Barrick’s high value, near-term brownfield projects (Barrick 2017). The 
average Au grade of ore in the Cortez mine ranges from 2.37-17.81g/t 
3.3 Methods 
3.3.1 Sample preparation 
The sample received from Barrick labelled as Cortez Low Arsenic Ore, consisted of 25 kg of -
3mm particulate material and this bulk sample was homogenized and split by rotary splitter 
into 500g sub-samples. These sub-samples were transferred into sealed polythene bags 
which were stored in a freezer at -18⁰C to minimize oxidation.  
3.3.2 Grinding Calibration 
 
In order to prepare a sample for flotation testing, it was first necessary to determine the grind 
time required to achieve the P80 of 75 µm. Approximately 500g of low arsenic Cortez ore 
sample (-3mm) was ground in a JKMRC laboratory rod mill (260mm Length*205mm Dia) with 
stainless steel rods for 18 min with 300 ml water to create a slurry with 62 weight % solids to 
obtain a P80 of 75 μm. Details of the laboratory rod mill charge are provided Table 3.1 
Table 3.1 Details of JKMRC laboratory rod mill 
Rod 
Diameter 
Rod 
Length 
Mass per 
Rod 
Min. mass per 
Rod Number 
Total Total minimum 
wear limit (g) 
mm mm g g g 
30 255 1427 1412.7 2 2854 2825 
25 255 989.2 979.3 5 4946 4897 
19 255 576.8 571 4 2307 2284 
12 255 228.3 226 4 913 904 
  Total 11020 10910 
 
The grinding product was sized using the method described in Section 3.3.3.1 
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3.3.3. Flotation feed characterization  
3.3.3.1 Chemical and mineralogical characterization  
The rod mill product ground to the flotation feed size with P80 of 75 μm was initially wet 
screened using 38 µm sieve. The material retained on 38 µm sieve was dried and further 
screened using a set of standard √2 series sieves (+150μm, +106μm, +75μm, +53μm, 
+38μm). Further classification of the -38μm fraction was carried out in a Warman Cyclosizer, 
which yielded the following size fractions C1, C2, C3, C4, C5 and –C5. The operating 
conditions for the Cyclosizer are listed in Table 3.2 and the Cyclosizer cut sizes which 
correspond to these fractions for the main minerals in the Cortez ores are presented in Table 
3.3. Each of the size fractions were dried, weighed, and representatively subsampled using a 
micro rotary splitter. 
Table 3.2 Cyclosizer operating parameters 
Temperature 32 C 
Pressure 290 Kpa 
Elutriation time 20 mins 
Flowrate 185 mm/hr 
 
Table 3.3 Cyclosizer cut sizes at common specific gravities 
  Silicates Dolomite Pyrite Gold 
SG 2.65 2.85 5 18 
C1 (µm) 42 40 27 13 
C2 (µm) 30 29 19 10 
C3 (µm) 21 20 13 7 
C4 (µm) 15 14 9 5 
C5 (µm) 12 11 8 4 
 
Representative samples of the size fractions of the flotation feed were dispatched to Australian 
Laboratory Services (ALS), Brisbane for elemental assay to analyze gold, total organic carbon 
(TCM), inorganic carbon and total sulfur. Gold was assayed using fire assay (ALS method 
code: Au-AA25), the total sulfur and carbon content were analyzed by LECO analyzer (ALS 
method code S-IR08 for total sulfur, C-IR07 for total carbon) and the total organic carbon 
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content was assayed by ALS method C-IR17. The inorganic carbon was calculated from the 
difference between total carbon and total organic carbon. Representative samples of the size 
fractions of the flotation feed were also submitted for mineralogical analysis by MLA at JKMRC 
to measure their modal mineralogy, mineral locking and association and mineral liberation. 
3.3.3.2 Mineral Liberation Analysis (MLA) 
The FEI MLA is an automated mineralogical tool for quantitative mineralogical and liberation 
analysis (Gu 2003). Measurement of the modal mineralogy, mineral association and liberation 
and elemental deportment studies of the low arsenic Cortez ore were carried out using the 
Mineral Liberation Analyzer (MLA) at JKMRC. Individual size fractions (-300+150, -150+106, 
-106+75, -75+53, -53+38, C1+C2, C3, C4, C5 and, -C5) of flotation feed, were mounted in 
Carnauba wax to allow BSE discrimination between organic carbon in the ore and the 
mounting medium. To disperse any agglomerate particles in the finest cyclosizer size fraction 
ethanol was used in the sample preparation. Size fractions from -300+150 μm to C3 were 
measured in the MLA at 25kV accelerating voltage. The finest size fractions namely, C4, C5 
and –C5 were measured in the MLA at 15kV accelerating voltage to provide better resolution 
of the BSE images (Wightman and Evans 2016). 
3.3.3.3 Quantitative Gold Deportment Studies 
A representative sample of approximately 750g of unsized flotation feed (P80 of 75 μm) was 
dispatched for quantitative gold deportment analysis at Integrated Process Mineralogy 
Solutions (IPMINS), Ontario, Canada. The objectives of this investigation were to determine 
the morphology of visible gold grains, the distribution of invisible gold among sulfides, and 
TCM, and to identify and evaluate any mineralogical factors that may affect gold recoveries.  
A comprehensive mineralogical and analytical approach including fire assay, whole rock 
analysis (WRA), X-ray diffraction (XRD), heavy liquid separation (HLS), super-panning (SP), 
ore microscopy, QEMSCAN, and microprobe analysis was used in the study. Secondary ion 
mass spectroscopy (SIMS) analysis was used together with dynamic SIMS for quantification 
of invisible gold in sulfides, TCM and other phases. This novel approach has been used by 
Barrick to assess gold deportment in refractory ores (Chattopadhayay and Gorain 2014). 
The IPMINS process for gold deportment studies is presented in Figure 3.2. As can be seen 
in the schematic two polished sections from as-received samples and eight polished sections 
from HLS float and super-panner fractions from HLS Sink were prepared from the flotation 
feed sample and systematically scanned under optical and scanning electron microscope for 
visible gold and sulfides mineralogy. This was complemented by SIMS analysis to determine 
the concentration of invisible gold in sulfides, TCM and other phases. 
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Figure 3.2 Novel gold deportment technique process flow sheet (Chattopadhayay et 
al. 2016) 
 59 
The TCM was characterized using Laser Raman Spectroscopy performed by Surface Science 
Western, Ontario, Canada. Raman analysis can be used partially as a diagnostic tool capable 
of predicting and differentiating the preg-robbing properties of TCM (Dimov and Hart 2016). 
For this study, a comparative analysis was conducted on the intensity, bandwidth and 
frequency shifts of the D and G bands for carbonaceous particles from the Cortez ore samples 
and from reference samples of graphite and activated carbon. The objective of this study was 
to fingerprint the structure of the different types of carbonaceous material present in the 
samples and to rank them in terms of carbon maturity (order of organized carbon). Graphitic 
carbon is highly ordered whereas activated carbon is highly disordered. The preg-robbing 
capacity is positively correlated with increasing degree of disorder. 
3.3.3.4 Dynamic SIMS analysis (D-SIMS) 
The dynamic SIMS technique was used to quantify the gold and arsenic concentration in 
selected locations in the sulfide, TCM and Fe-Oxides phases. For this analysis, different 
morphological types of pyrite grains, and goethite and TCM grains were selected as shown in 
Figure 3.3. This study was carried out at Surface Science Western, Canada using a Cameca 
IMS 3F SIMS instrument. This analytical technique gives concentration depth profiles and 
identifies whether the gold is present in solid solution or colloidal gold in different gold bearing 
phases.  
The marked mineral particles of interest were analyzed using the Cameca IMS 3F SIMS 
instrument and concentration depth profiles for Au, As, S and Fe were produced. The 
quantification of the gold and arsenic in pyrite, TCM and Fe-oxides was established using 
internal, mineral-specific standards. The experimental operating conditions for the Cameca 
IMS 3F SIMS instrument are presented in Table 3.4. 
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Figure 3.3 Photomicrographs of Sulfides, Fe-Oxides & TCM for SIMS analysis:                    
a - Coarse Pyrite, b - Porous Pyrite, c - Pyrite aggregate, d- Fine Pyrite, e- Goethite,           
f - Massive TCM, g- Disseminated composite TCM. 
Table 3.4 Operating conditions of Cameca IMS 3F SIMS instrument 
Primary ions Cs+ 
Secondary ions Au-, S-, Fe-, As- 
Prinary ion energy 10kV 
Primary current 15nA 
Primary beam spot size 15 µm 
Offset to supress molecular interference  -180V 
 
3.3.3.5 Doping tests to assess preg-robbing characteristics in leaching 
 
The objective of the doping test is to determine the maximum preg-robbing capacity of the 
carbonaceous matter. Ore samples are doped in solutions of Au(CN)2 at two different 
concentrations (500ppm and 1000 ppm Au). The doped samples are assayed for gold content 
along with “as received” samples. The difference in the assayed gold content between the “as 
received” and the doped sample amounts to the total preg-robbed gold in the sample 
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3.3.3.6 Preliminary solution analysis on ground ore 
Solution analysis was carried out to quantify the type and concentration of various ions that 
are released by the ore into the flotation pulp with varying pH and conditioning time. The 
detailed test protocol for solution analysis is presented in Table 3.5. 
Table 3.5 Solution analysis test conditions 
Sample Ground Cortez ore 
P80 32 µm 
Slurry pH 5 & 8.2 (natural) 
Sample collection time (mins) 0,5,10,15,20,25,30  
Sample filtration MILLEX-HP 0.45 µm 
Analysis technique for cations ICP-OES 
Analysis technique for anions Ion Chromatography (IC) 
 
3.3.3.7 Solution analysis on Cortez flotation slurry (actual flotation conditions) 
Solution analysis was carried out to identify and quantify the ions present in the flotation pulp 
of Cortez low arsenic ore at different stages during the flotation. The main objective of this 
study is to understand the effect of pH on the dissolution characteristics of the minerals in the 
ore and the resulting generation of ions in the flotation pulp. The stages in the flotation process, 
where samples are collected, are listed below.  
 
1. After initial conditioning (t=5min)  
2. At the end of TCM stage (t=38min)  
3. After activation with copper sulfate (t=43min)  
4. After PAX and Dowfroth addition (49 min)  
5. Final tails (62 min)  
 
The samples were analyzed for cations using Inductively coupled plasma Optical emission 
spectroscopy (ICP-OES) and for anions using Ion chromatography (IC) at The University of 
Queensland’s Advanced Water Management Centre facility. The results are analyzed using 
HSC Chemistry software 
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3.3.4 Flotation methodology 
 
The flotation procedure used in this work is based on the method used by Barrick for Cortez 
ore flotation feed having a P80 of 75 μm. The flotation experiments were carried out in 2.5L 
JKMRC bottom-driven batch flotation cell, as shown in Figure 3.4. 
 
 
Figure 3.4 JKMRC Flotation cell (Top view and side view) 
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Optimized values of reagent dosages from the Barrick standard test protocol were used. The 
flotation procedure can be summarized as sequential flotation of TCM followed by activation 
and flotation of pyrite, with timed concentrates being collected during the batch test. The 
detailed flowsheet with reagent dosings is shown in Figure 3.5. 
 
TCM-1
TCM-2
TCM-3
TCM Con-1
TCM Con-2
TCM Con-3
TCM Con-4
500g Cortez Ore
Na2SiO3 500g/t
MBS 500g/t
Rod Mill
Diesel Oil 80g/t
Dow Froth 250 120g/t
Diesel Oil 50g/t
Dow Froth 250 40g/t
Diesel Oil 50g/t
Dow Froth 250 40g/t
Pyrite-1
Pyrite-2
Pyrite-3
Pyrite Con-1
Pyrite Con-2
Pyrite Con-3
CuSO4 500g/t
PAX 40 g/t
Dow Froth 250 40g/t
PAX 50 g/t
Dow Froth 250 40g/t
PAX 60 g/t
Dow Froth 250 40g/t
Final Tails
pH Modifier 
TCM-4
TCM-5
TCM-6
TCM-7
TCM Con-5
TCM Con-6
TCM Con-7
Diesel Oil 50g/t
Dow Froth 250 40g/t
Diesel Oil 50g/t
Dow Froth 250 40g/t
Diesel Oil 50g/t
Dow Froth 250 40g/t
Diesel Oil 50g/t
Dow Froth 250 40g/t
 
 
Figure 3.5  Flotation process flow sheet 
 
Prior to each flotation test the ore was ground in a JKMRC laboratory rod mill using sodium 
silicate as dispersant and sodium metabisulfite as a depressant for sulfide. The grinding 
product with a P80 of 75 μm was transferred to a 2.5L batch flotation cell. Flotation was carried 
out with 20 weight % solids in the flotation feed. Flotation pulp pH, Eh, and dissolved oxygen 
were measured at key points in the flotation process as noted in Table 3.6. A total of seven 
timed concentrates were collected during the carbonaceous matter flotation (TCM) with staged 
additions of diesel oil collector and DF250 frother at the rates shown in Figure 3.5. At the end 
of the TCM flotation stage, the pyrite was activated using copper sulfate solution followed by 
flotation using potassium amyl xanthate as a collector and DF 250 as frother. The pyrite 
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concentrate was recovered in three stages with collector and frother added at each stage. 
Pulp level was maintained constant throughout the experiments using make-up water addition. 
To prevent frother concentration changes in the slurry, the make-up water was dosed with the 
DF 250 frother at a rate of 40g/t. All water additions (including wash water) were measured to 
allow water recovery to be calculated to allow estimation of the recovery of minerals by true 
flotation and entrainment. Details of the flotation conditions are presented in Table 3.6. 
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Table 3.6 Details of flotation test conditions 
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On completion of the flotation test the flotation products were filtered using a laboratory 
vacuum filter with Macherey-Nagel GmbH &Co. KG fine filter paper (320mm Dia), dried in a 
laboratory oven at 70C weighed, and subdivided using rotary sample divider to provide 
representative sub-samples for further chemical assays and MLA analysis. 
3.3.5 Flotation products characterization 
3.3.5.1 Size analysis 
In order to generate enough mass for size analysis, five replicate flotation tests were carried 
out at the standard conditions and all flotation TCM’s and sulfide concentrates and tailings 
from individual tests were combined. The mass recovery of individual flotation tests was 
calculated to ensure the samples from each stage and test were consistent, and that they 
were within μ±2σ range. 
The combined flotation products were initially wet screened on a 38 µm screen to obtain +38 
µm and -38µm fractions. Screening of dried +38 µm fraction was performed using the following 
√2 series sieves-150μm, 106μm, 75μm, 53μm, 38μm. Classification of the -38 μm fraction was 
carried out in a Warman Cyclosizer after rotary splitting, which yielded the following size 
fractions (C1, C2, C3, C4, C5 and –C5). The operating parameters of the Cyclosizer and 
resultant cut sizes were as listed in Table 3.2 and Table 3.3 respectively.  
3.3.5.2 Size by size chemical assays 
Size fractions of the TCM and sulfide concentrates and tailings were dispatched to Australian 
Laboratory Services (ALS), Brisbane to analyze gold, total organic carbon (TCM), total sulfur 
and total carbon. As with the previous analysis on the flotation feed Gold was assayed using 
the fire assay method (ALS method code: Au-AA25), total sulfur and carbon were analyzed 
by LECO analyzer (ALS method code S-IR08 for total sulfur, C-IR07 for total carbon) and total 
organic carbon by ALS method C-IR17. 
3.3.5.3 MLA analysis of flotation products 
 
Measurement of modal mineralogy, mineral association and liberation, elemental deportment 
and MLA Gold scan studies were carried out using the Mineral Liberation Analyzer (MLA) at 
JKMRC for sized fractions of TCM concentrate, pyrite concentrate, and tailings. Individual size 
fractions (+150, +106, +75, +53, +38, C1+C2, C3, C4, C5 and, -C5) of TCM concentrate, pyrite 
concentrate, and tailings, were mounted in Carnauba wax to allow BSE discrimination 
between organic carbon in the ore and the mounting medium. To disperse the agglomerates 
in the –C5 size fraction ethanol was used. Size fractions from +150μm to C3 were measured 
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at 25kV accelerating voltage. Fine fractions C4, C5 and –C5 were measured at 15kV 
accelerating voltage to provide better resolution of the BSE images 
3.3.5.4 Gold deportment studies on flotation tailings 
 
A representative sample of approximately 750 g of unsized flotation tailings was dispatched 
to IPMINS, Ontario, Canada for quantitative gold deportment analysis. The multi-step 
analytical procedure described in section 3.3.3.3 on gold deportment studies for the flotation 
feed was also followed for the tailing sample. 
3.3.5.5 Surface analysis of flotation products using ToF-SIMS 
 
Samples of the unsized flotation concentrates and tails were submitted for ToF-SIMS analysis 
to measure the type and concentration of species on the surface of flotation products. The 
main minerals of interest were pyrite and carbonaceous matter which were believed to be the 
main gold-bearing species. The ToF-SIMS analyses were performed by the University of 
South Australia’s Future Industries Institute, Adelaide using Physical Electronics Inc. PHI 
TRIFT V nanoTOF instrument. 
The following surface characteristics were analyzed using TOF-SIMS:  
1. Collector concentration/distribution  
2. Oxidation products (e.g. metal deficient sulfides, polysulfides, Fe-OH products etc.)  
3. Precipitates (hydroxides of calcium and magnesium)  
4. SIMS imaging  
 
Sample of each of the flotation product streams, namely the combined TCM and combined 
sulfide concentrates and tailings collected in triplicate and snap frozen by immersion in liquid 
nitrogen immediately after collection. The snap-frozen samples were dispatched in a dry 
shipper vessel to the University of South Australia in Adelaide for analysis. Details of the 
sample preparation, operating parameters and data analysis performed in their laboratory are 
given below. 
3.3.5.5.1 Sample preparation for ToF-SIMS analysis 
 
Solution replacement was performed, using a solution buffered to the designated pH to rinse 
each slurry sample three times. This removed the suspended colloidal fine particles, and 
washed off physically associated material from the mineral particle surfaces (Denman and 
Cavallaro 2017). 
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3.3.5.5.2 Operating parameters of ToF-SIMS 
 
The ToF-SIMS analyses were performed using a Physical Electronics Inc. PHI TRIFT V 
nanoTOF instrument equipped with a pulsed liquid metal 79+Au primary ion gun (LMIG), 
operating at 30 kV energy. “Unbunched” beam settings were used to optimize spatial 
resolution. Surface analyses, in positive and negative SIMS modes, were performed at a 
number of locations typically using a ~200x200 µm raster area.  
Usually, 20 particles of each phase of interest are imaged per sample to allow collection of 
representative data. Due to the difficulties experienced in locating particles of interest in 
reasonable time frames for these samples, typically data for only 8-15 particles were collected. 
3.3.5.5.3 ToF-SIMS Data Analysis 
 
Region-of-interest analyses were performed on the raw image data. This involved the 
extraction of mass spectra specifically from within the boundaries of the particles of interest. 
This allowed the surface chemistry of the particle to be extracted from the background signals.  
The resulting spectra in each polarity were calibrated using WincadenceN software (Physical 
Electronics Inc.) and peaks were selected based upon previously identified species of interest. 
Integrated peak values of the selected ions were normalized to the total selected secondary 
ion intensities, to correct for differences in total ion yield between analyses and samples. The 
resulting data were then compared qualitatively by preparing plots of average normalized 
counts (with 95% confidence intervals) for each species of interest.  
Chemical maps illustrating spatial distributions of elements of interest, including overlays, 
were prepared using WincadenceN. 
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Chapter 4 Characterization of Cortez ore flotation feed 
4.1 Introduction 
In this chapter, the results of the chemical and mineralogical characterization of the Cortez 
double refractory gold ore on an unsized, size by size and size by liberation basis are 
presented. The main objective of the ore characterization work was to identify various gold 
bearing mineral phases their morphology, liberation, mineral locking and association and 
quantification of visible and invisible gold that is present in the ore. The modal mineralogy, 
elemental deportment, mineral liberation and locking characteristics of different minerals of 
interest were carried out using MLA and QEMSCAN. Visible gold grains were identified and 
characterized using optical microscopy and MLA Gold scan. The dynamic SIMS analysis 
technique was employed to identify and characterize invisible gold grains. For TCM 
characterization a suite of techniques including Laser Raman Spectroscopy, Scanning 
Electron Microscopy with Energy Dispersive X-Ray analysis (SEM/EDX), Optical Microscopy, 
BET surface analysis and doping tests were employed. The solution chemistry of Cortez 
double refractory gold ore was assessed with Eh-pH diagrams generated using HSC 
Chemistry software to understand the type and concentration of different species that are 
present in the flotation pulp of the ground Cortez ore. 
The results of feed particle size distribution, chemical assays, mineralogical characterization, 
gold deportment studies and solution analysis are presented in detail in the following sections. 
Note that the rod mill product was used as feed material for all of the characterisation tests on 
the Cortez ore described in this chapter. 
4.2 Particle size distribution and chemical assays of flotation feed 
To generate the grinding calibration curve for the Cortez ore, the method described in section 
3.3 is employed. The required P80 of 75 µm was chosen based on a confidential report from 
Barrick (Gorain 2014) . The particle size distribution of the rod mill product which forms the 
flotation feed is presented in Figure 4.1. From the figure P80 was calculated to be 75µm.  
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Figure 4.1 Particle size distribution of flotation feed 
 
The unsized head sample assayed 13.69g/t Au, 1.32% TCM, 0.66% S and 9.11% inorganic 
carbon. The results of Whole Rock Analysis (WRA) and trace element analysis are presented 
in Table 4.1 & Table 4.2 The sample mainly composed of oxides of silica, calcium and 
magnesium as well of traces of As, Ni and Pb. This sample is low arsenic sample having 510 
ppm of As compared to other Cortez high arsenic samples (29020ppm As) 
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Table 4.1 Whole rock analysis of the unsized flotation feed 
Sample ID
Elements SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO Cr2O3 BaO LOI
Wt% 28.47 4.7 1.78 10.96 21.55 0.02 1.31 0.23 0.06 0.07 0.097 <0.01 30.4
Flotation Feed
 
Table 4.2 Trace element analysis of the unsized flotation feed 
Sample ID
Elements Ag As Cu Pb Zn Mo Ni Te Hg
PPM 1.6 510 76.8 166.5 147 60.5 407 1.81 27.4
Flotation Feed
 
Size fractions of the flotation feed were also submitted for chemical assays and the results of 
the analysis are presented in Figure 4.2 and details in Appendix 1.  
 
 
Figure 4.2 Showing grade of Au, TCM, Cinorg and Total S in size fractions of flotation 
feed 
The grade of gold gradually increased from 4.02 g/t in the coarsest fraction to 18.05 g/t in the 
finest fraction. The grade of TCM decreased slightly from the coarser fraction (1.42%) to 
0.90% in the +C5 size fraction and then doubled its value in the –C5 size fraction. The mass 
distribution of the elements across the size fractions is shown in Figure 4.3 and as can be 
seen, approximately 48% of the gold, 41% of the TCM, and 22% of the total sulfur were 
distributed in the –C5 size fraction compared to 31% of the mass. The ultra-fine particles which 
contain Au pose a significant challenge in flotation. In general, the recovery of ultra fine 
particles is very poor. 
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Figure 4.3 Showing distribution of Au, TCM, Cinorg and Total S in different size 
fraction of flotation feed 
The size fraction data were combined to provide calculated head assays for comparison with 
the assayed values of the unsized flotation feed. The results are presented in Table 4.3. The 
values are comparable. 
Table 4.3 Calculated and assayed values of Cortez ore flotation feed 
  Au (g/t) Cinorg (%) TCM (%) S (%) 
Head (Calculated) 11.95 9.21 1.36 0.55 
Head (Assayed) 13.6 9.11 1.32 0.66 
 
4.3 Mineralogy of flotation feed 
4.3.1 Mineral composition of the ore 
Individual size fractions (+150, +106, +75, +53, +38µm, C1+C2, C3, C4, C5 and, -C5) of rod 
mill product were analyzed for modal mineralogy, elemental deportment, mineral locking and 
liberation characteristics using MLA at JKMRC MCRF facility, Australia. The modal mineralogy 
of the unsized head sample is calculated by combining the size fractions data in their mass 
proportions, is presented in Table 4.4. The values reported by Barrick for the same ore are 
presented for comparison (Gorain 2014). As can be seen in Table 4.4 the Cortez ore sample 
supplied by Barrick for this research was mainly composed of dolomite (58.9%) with moderate 
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to minor amounts of quartz (19.38%), muscovite (13.07%) and calcite (3.18%). Minor amounts 
of pyrite (1.17%) and organic carbon (2.00%) were noted. From the Barrick mineralogy report, 
Arsenic is due to the presence of arsenian pyrite rather than arsenopyrite (0%).  
Table 4.4 Comparison of modal mineralogy of Cortez ore flotation feed 
 Data from Barrick JKMRC 
Mineral Abundance Low-As CHUD-649 Low As ore JK2940 
Chalcopyrite 0.06 0 
Pyrite 1.22 1.17 
Arsenopyrite 0 0.1 
Realgar 0   
Arsenic Oxides 0   
Sphalerite 0.03 0.01 
Zinc Oxides 0   
Iron Oxides 0.62 0.09 
Dolomite 48.62 58.93 
Calcite 8.85 3.18 
Ankerite/Siderite 0.24   
Quartz 23.57 19.38 
Muscovite 8.6 13.07 
K-Feldspars 1.05 0.03 
Plagioclase Feldspar 0.04   
Chlorite 0.15 0.32 
Pyroxene 1.78   
Amphibole 2.36   
Talc 0   
Kaolinite 0.52 1.41 
Apatite 0.16 0.1 
Sphene/Anatase 0.53 0.15 
Organic Carbon 1.3 2 
Others 0.32   
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Carbonate gangue in the feed sample (JKMRC) was very high (~62%) which is in variance 
with the published research (Bakken et al. 1989, Afenya 1991, Tabatabaei 2012, 
Chattopadhayay and Gorain 2014, Chattopadhayay et al. 2016). Considering the association 
of gold in carbonate gangue (mainly dolomite) even a minor difference in gangue mineralogy 
would affect flotation recovery. In general, it appears that the Carlin samples are dominated 
by silicate gangue (Quartz) compared to carbonate gangue (Dolomite/Calcite) (Tabatabaei et 
al. 2014, Chattopadhayay et al. 2016). 
The elemental deportment data for sulfur is presented in Table 4.5 and this data indicates that 
pyrite is the dominant sulfur bearing phase accounting for 98.1% total S which is important for 
element to mineral conversion (sulfur to pyrite). 
Table 4.5 Sulfur deportment across different minerals 
Proportion of total Sulfur in mineral (%)
98.1
0.6
0.28
0.99
S- Deportment
Sphalerite
Copper Sulfides
Others
Mineral
Pyrite
 
A standard data quality check for MLA is to compare the calculated assays from MLA with 
chemical assay results. The results of such a comparison for Cinorg and S are shown in Figure 
4.4 and indicate good agreement. 
 
Figure 4.4 Comparison of calculated assays from MLA with chemical assays 
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The MLA also provides mineral liberation/locking data and the liberation results for pyrite 
presented in Figure 4.5 show that 63% of pyrite is liberated (i.e. in particles containing 95-
100% pyrite). The binary and ternary locking data for pyrite are also presented in Table 4.6 
and Table 4.7, and these indicate that the unliberated pyrite is mainly locked with dolomite 
and quartz. This is not surprising since the dolomite and quartz are the two major gangue 
minerals.  
 
Figure 4.5 Mineral liberation by particle composition for pyrite 
 
Table 4.6 Mineral locking and liberation data for pyrite 
Pyrite + Pyrite_As Distribution Summary % 
Liberated (%) 63.2 
Total Binary (%) 27.7 
Total Ternary (%) 9.1 
Total Lib+Bin (%) 90.9 
Total Lib+Bin+Tern (%) 100 
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Table 4.7 Mineral locking of pyrite in binary and ternary particles 
Pyrite + Pyrite_As Weight % locked in... Binary Particle (%) Ternary+ Particle (%) 
Dolomite 13.8 3.7 
FeOx 0.2 0.1 
Quartz 8 2.5 
Organic Carbon 1 0.4 
All other minerals 4.7 2.5 
Total 27.7 9.1 
 
The liberation and locking characteristics of dolomite are presented in Table 4.8 & Table 4.9 
which indicated that dolomite is 78.7% liberated with 17% in binary particles and 4.3% in 
ternary particles. 
Table 4.8 Mineral locking and liberation data for dolomite 
Dolomite Distribution Summary % 
Liberated (%) 78.7 
Total Binary (%) 17 
Total Ternary (%) 4.3 
Total Lib+Bin (%) 95.7 
Total Lib+Bin+Tern (%) 100 
 
 
Table 4.9 Mineral locking of dolomite in binary and ternary particles 
Dolomite Weight % locked in... Binary Particle (%) Ternary+ Particle (%) 
Pyrite + Pyrite_As 0.6 0.1 
FeOx 0 0 
Quartz 5.3 2.1 
Organic Carbon 0.5 0.2 
All other minerals 10.6 1.8 
Total 17 4.3 
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4.4 QEMSCAN modal and liberation study on bulk sample 
 
QEMSCAN Bulk Mineral Analysis (BMA) and Particle Mineral Analysis (PMA) are two-
dimensional mineral mapping analysis aimed at resolving modal, liberation and locking 
characteristics of a generic set of particles. This mineral abundances and liberation analysis 
were carried out using both BMA and PMA measurements for this sample. A pre-defined 
number of particles are mapped at a point spacing selected to spatially resolve and describe 
mineral textures and associations. 
Dolomite was the main mineral phase in this composite sample. Moderate to minor amounts 
of quartz, mica, and calcite were also noted (Figure 4.6 & Table 4.10) 
 
 
Figure 4.6 Modal mineralogy of unsized flotation feed 
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Table 4.10 QEMSCAN Mineral abundances data (wt.%) in flotation feed 
Mineral Wt%
Copper sulfides*1 0.02
Sphalerite 0.02
Pyrite 1.22
Arsenopyrite 0.00
Realgar 0.00
Iron Oxides*2 0.78
Quartz 22.20
Dolomite 51.10
Calcite 9.87
Muscovite*3 9.42
K-Feldspars 1.40
Kaolinite/Pyrophyllite 0.43
Sphene/Rutile 0.29
Apatite 0.22
Zircon 0.04
Alunite 0.01
Organic Carbon 1.66
Others*4 1.28
Total 100.00
*1 Including traces of chalcopyrite, enargite/tennantite and covelite/chlcocite,                              
2* including goethite w ith traces of hematite, magnetite, steel/iron,                                                
3* including muscovite w ith traces of biotite, chlorite and talc,                                                       
4* including Ca-sulfate(anhydrite/gypsum) w ith traces of jarosite and Ce-phosphate                                     
Key chemical assay data from this composite sample have been compared with that of 
QEMSCAN mineralogical assays and the data is presented in Figure 4.7. There is an 
excellent agreement between the data from QEMSCAN and chemical assay. 
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Figure 4.7 Assay Reconciliation - QEMSCAN vs Chemical Assay (wt%) 
The QEMSCAN liberation data show a high degree of liberation for goethite (80%) and 
moderate liberation for pyrite (63%). The liberation data of the different phases are presented 
in Table 4.11 and Table 4.12 
 
Table 4.11 Pyrite* liberation (mass % pyrite in fraction) 
>95% 75-95% 50-75% 25-50% 0-25% 
62.8 15.7 5.1 5.9 10.5
% Liberated
Sample ID: 
Flotation feed  
(* includes arsenian pyrite and traces of arsenopyrite) 
 
Table 4.12 Fe-Oxides* liberation (mass % Fe-Oxides in fraction) 
 % Liberated 
Sample ID: 
Flotation 
feed 
>95%  75-95%  50-75%  25-50%  0-25%  
79.6 8.6 2.9 2.8 6.1 
         (* includes goethite, hematite and magnetite) 
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The QEMSCAN elemental deportment data for Fe and S indicated pyrite was dominant S-
bearing phase accounting >95% total S while Fe-Oxides and pyrite were main Fe-bearing 
phase accounting ~50% total Fe in each phase. The elemental deportment data are presented 
in Table 4.13 and Table 4.14 
Table 4.13 Fe deportment data of the sample 
Mineral Wt% 
Iron Oxides 51.4 
Pyrite 47.1 
Copper sulfides 0.5 
Arsenopyrite 0.1 
Others* 1.0 
Total 100 .0 
                                                     (* includes Silicates) 
Table 4.14 S deportment data of the sample 
Mineral Wt% 
Pyrite 96.5 
Sphalerite 1.2 
Copper sulfides 1.1 
Arsenopyrite 0.1 
Others* 1.2 
Total 100 .0 
 
The S deportment values and pyrite liberation data from QEMSCAN is similar to that obtained 
with MLA, presented in Figure 4.8 
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Figure 4.8 Figure showing the S-deportment and pyrite liberation using MLA and 
QEMSCAN 
 
4.5 Optical Microscopy-Sulfide mineralogy 
 
This test work was performed by Integrated Process Mineralogy Solutions (IPMINS), Canada 
on an unsized flotation feed. The objective of this work is to identify major and minor mineral 
phases and to characterize them based on different morphology, grain size and association 
with other mineral phases. 
Polished sections from as received sample and from Heavy Liquid Seperation (HLS) float and 
super panner fractions from HLS sink were prepared and systematically and qualitatively 
analyzed. The flotation feed sample was observed to be mainly composed of dolomite with a 
moderate amount of quartz, and minor amounts of calcite, mica, feldspar, carbonaceous 
matters (TCM) and pyrite. Pyrite showed a wide variation in grain-sizes (ranges from 1μm to 
100μm), shapes (from irregular elongated to rectangular grains) and was mostly liberated. 
Fine inclusions of pyrite (1µm to 10µm) within carbonates/silicates were commonly noted. 
Morphologically, most of the pyrite grains were porous or aggregates of 
disseminated/microcrystalline pyrite. A few Arsenian disseminated/microcrystalline pyrite 
grains were also noted. Carbonaceous matter (TCM) was mostly observed as finely 
disseminated grains with carbonates/silicates. A small number of composite TCM-pyrite 
locked in carbonates/silicates and liberated TCM grains were also noted. 
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Figure 4.9 showing fine particles of liberated silicates (Si) and carbonates (Car) as well as 
coarse composite particles of carbonates (Car*) locked with TCM (yellow circle) and pyrite 
(Red arrow). The particle size of pyrite was very fine (red arrows) which occurred as inclusions 
inside the composite carbonate particles. 
 
 
Figure 4.9 Photomicrographs of sample showing liberated carbonate (Car), silicates 
(Si), carbonates (Car*) with locked TCM (yellow circle) and pyrite (red arrow) 
 
Figure 4.10 showing liberated pyrite (pink arrow) with sharp edge and irregular shape, fine 
liberated carbonates (Car), liberated silicates (Si) and liberated goethite (Goe). Also present 
are the inclusions of pyrite with in coarse carbonate particles (red box). Particles with sharp 
edges and irregular elongated shape are very difficult to attach to air bubbles in flotation in 
addition to their fine size. Particles which have more acuteness/sharpness are known to inhibit 
the movement of contact line resulting in low flotation recoveries (Oliver et al. 1980, Hicyilmaz 
et al. 2006). According to Barrick’s experience it is not economical to liberate pyrite from the 
composite carbonates by ultra fine grinding due to prohibitive grinding costs (Gorain and 
Kondos 2012). Liberated fine carbonates have greater chance to report to concentrate due to 
entrainment effects there by diluting the concentrate grades and increasing the mass pull. 
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Figure 4.10 Photomicrographs of sample showing liberated pyrite (pink arrow), goethite 
(Goe), carbonates (Car), silicates (Si) and inclusions of pyrite (red arrow) within 
carbonates 
 
Figure 4.11 shows different morphological types of pyrite. Four morphological types of pyrite 
were identified, fine (Pyf), porous (Pyp), coarse (Pyc) and micro crystalline/disseminated 
aggregates of pyrite (Pya). Different types of pyrites have different concentrations of arsenic. 
Generally high concentrations of gold and arsenic are present in microcrystalline/disseminated 
aggregates of pyrite (Chryssoulis and McMullen 2005).  
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Figure 4.11 showing different morphological types of pyrite 
 
Concentration depth profiles of gold and arsenic in different types of pyrite will be investigated 
using Dynamic SIMS analysis, which will be discussed later in this section. It is important to 
know the concentration of gold in different morphological types of pyrite to quantify gold 
deportment, which is very challenging. The flotation recovery of high arsenic micro 
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crystalline/disseminated aggregates may be poor due to coarse particle size and more 
acuteness and roughness. Figure 4.12 shows microcrystalline/disseminated aggregates of 
pyrite 
 
Figure 4.12  Photomicrographs of sample showing liberated micro-crystalline pyrite 
aggregates (Pya) 
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Gold tends to concentrate highly in As-Py bands compared to pyrite. Some coarse particles 
of Pya are noted which has the tendency to report to tailings unless a strong reagent chemistry 
is employed in flotation separation. Bands of arsenian pyrite (As-Py) within 
microcrystalline/disseminated aggregates are shown in Figure 4.13. 
 
 
 
Figure 4.13 showing bands of arsenian pyrite (As-Py) within pyrite aggregates (Pya) 
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Composite TCM (TCM*) with pyrite (red arrow) and goethite (Goe) locked in carbonates (Car*) 
and silicates (Si*) clearly shows the complexity of locking characteristics of TCM with other 
mineral phases (Figure 4.14). TCM was mostly locked with carbonates and silicates (Figure 
4.15 & Figure 4.16). While trying to recover these composite TCM particles through flotation 
there may be a tendency of pyrite and other gangue particles reporting to TCM concentrate 
unless the TCM particles are fully liberated. On the other hand, if the composite particles are 
coarse enough they may be lost to tailings contributing to gold losses. 
 
Figure 4.14  Close-up view of a single particle in which Goethite (Goe), TCM (TCM*), 
Silicate (Si*) locked with Carbonate (Car*) 
 
Figure 4.15 Close-up view of a single particle of TCM locked within carbonates (Car*) 
and TCM (TCM*)  
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Figure 4.16 Close-up view of a TCM locked within carbonates (Car*) and Silicates (Si*) 
 
Fine liberated TCM particles which are shown in Figure 4.17 are very difficult to attach to air 
bubbles due to low collision efficiency resulting in low flotation rate and recovery (Yoon and 
Luttrell 1989). Also, the fine particles have a tendency to stick to coarse particles (slime 
coating) which may result in misplacement or loss to tailings.  
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Figure 4.17 Close-up view of liberated fine TCM particles 
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4.6 Visible gold analysis using optical microscopy and MLA Gold Scan 
 
Polished sections of super panner fractions from HLS sink were prepared and analyzed. Forty-
eight gold grains were observed and measured with an optical microscope and MLA Gold 
Scan in the flotation feed sample. Most of the observed gold grains were fine-grained (below 
5 µm in size) native gold and occurred as inclusions mainly in pyrite and goethite with average 
grain size ranges 1µm to 3µm as the results shown in Figure 4.18 & Figure 4.19. 
Approximately 66% of Au is present as coarse liberated Native Au while 24.5% as attached to 
carbonates. Data presented in Appendix 2  for reference. It should be noted that large number 
of gold grains would be needed to make statistically significant estimates. Due to a number of 
practical constraints - the availability of sample, the intensive effort required to find significant 
number of gold particles in the ore and the significant costs associated with analysing the 
samples - the analysis was restricted to small sample size. 
 
 
Figure 4.18 Area proportion of Au in liberated, locked and attached with different 
phase 
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Figure 4.19 Au grain size variations in liberated, locked and attached with different 
phases 
 
A summary of visible gold grains is presented in Table 4.15. Size of locked visible gold grains 
ranges from 1-3 µm with an average size of 3 µm showing native and telluride gold 
composition. The attached gold grains are native in composition with an average grain size of 
6 µm and range from 2-20 µm. On the other hand, liberated native gold grains showed a wide 
range (2-33 µm) with an average grain size of 10 µm.  
Published literature on Carlin-type ores supports the contention that gold in hypogene (i.e. 
unoxidized) ores is almost all invisible gold in pyrite and minor arsenopyrite. However, this 
particular sample of Cortez ore appears to contain a small amount of oxidized ore (goethite, 
kaolinite). In addition, and of particular significance, of the 48 grains of native gold identified 
in the feed (Appendix 2), 21 grains are locked in or associated with goethite. This suggests a 
strong association between native gold and goethite in the sample, even though the amount 
of goethite in the sample is small. The ore sample was provided by Barrick as being 
representative of the unoxidized ore which they would treat through the Cortez process plant. 
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The sample is dominated by few larger grains of liberated visible gold (grain 1 of feed 
represents 60.3% of visible gold in the feed; grains 1 and 2 of tails (Table 6.4) represent 63% 
of visible gold in tails). With the exception of one grain attached to carbonate, all of the 
hypogene native gold grains associated with pyrite, silicates and carbonates are ≤ 3 microns. 
Therefore, it is likely that at least some of the larger liberated gold grains are also oxide zone 
grains. Therefore, native gold represents a mixture of gold from oxidized and unoxidized ore 
which significantly affect the flotation results on the ore. Native gold grains and gold bearing 
phases have different flotabilities based on their particle size, shape, liberation, association, 
composition (Ag content) and degree of oxidation (Chryssoulis and Mc Mullen, 2005). The 
main focus of this research is to examine the influence of mineralogy and surface chemistry 
on flotation of Cortez carbonaceous double refractory gold ore using an ore sample provided 
by Barrick as being representative of their unoxidized Cortez ore. The purpose of the research 
was not to characterise the ore as hypogene (unoxidized) or oxidized but to understand the 
reasons for low recovery of gold. 
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Table 4.15 Summary of visible Gold Grains present in the flotation feed 
    
Grain Size of Visible Gold 
(µm) Composition   
Sample ID Liberation Number of Range Average (Au%) Gold Mineral 
    
Gold 
Grains         
Flotation 
Feed 
Locked 36 1-3 3 23.7-100.0 
Native Au, 
Telluride 
Attached 7 2-20 6 88.0-100.0 Native Au 
Liberated 5 2-33 10     
Total 48 1-33 3     
 
Some of the photomicrographs of visible gold grains attached to pyrite, attached to carbonates 
and fine inclusions in pyrite and goethite are presented in Figure 4.20 to Figure 4.23. 
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Figure 4.20 Photomicrograph of Gold grains from flotation feed showing liberated 
Native Gold (Au) with attched Pyrite (Py) 
 
 
Figure 4.21 Photomicrograph of Gold grains from flotation feed showing liberated 
Native Gold (Au) attched to carbonates (Car) 
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Figure 4.22  Photomicrograph of Gold grains from flotation feed showing Gold 
inclusions (red arrow) within pyrite (Py) 
 
Figure 4.23 Photomicrograph of Gold grains from flotation feed showing Gold 
inclusions (red circle) within Goethite (Goe) 
Heavier collector loadings might be needed to float liberated coarse flaky native gold grains 
(Figure 4.20) compared to smaller equi-dimensional grains (Chryssoulis and McMullen 2005).  
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4.7 MLA Gold Scan 
 
High spatial resolution gold scans for discrete Au and Ag phases were carried out using the 
MLA Gold Search Program. The compositional analysis data of some gold bearing phases 
are presented in Table 4.16. The data indicated that most of the gold bearing grains were 
native gold. 
Table 4.16 SEM-EDS composition of gold phases 
 
The grains containing silver are from hypogene ore and those without silver are likely to be 
from oxide zone. It was reported in the literature that silver content of gold grains has 
significant effect on flotation process; for example, some ores with high silver content in gold 
grains floated well while for some ores the reverse happened (Chryssoulis & McMullen, 2005). 
Collector matching the surface chemistry of gold grains is needed to float effectively. 
 
 
Grain s# Au Ag Te
1 88.0 12.0
2 100.0
3 91.6 8.4
4 100.0
5 100.0
6 100.0
7 100.0
8 23.7 37.7 38.7 Au-Ag-Telluride
9 100.0
10 100.0
11 88.2 11.8 Au-Ag-Telluride
12 100.0
13 100.0
14 100.0
15 88.2 11.8
16 100.0
17 100.0
18 100.0
19 100.0
20 100.0
21 96.1 3.9
22 100.0
Composition (wt%)
Gold Mineral
Native Gold
Native Gold
Native Gold
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Back Scattered Electron (BSE) images of gold grains from flotation feed sample showing 
Native Gold grains locked in dolomite (Dol) as fine inclusions, in composite Dolomite(Dol)-
Goethite(Goe), attached to Goethite (Goe), locked in Pyrite (Py), locked in Goethite (Goe) 
are presented in Figure 4.24 to Figure 4.28. 
 
 
Figure 4.24 BSE image of Gold grain from flotation feed showing Native Gold Grains 
(red circle) locked in Dolomite (Dol) 
 
Figure 4.25 BSE image of Gold grain from flotation feed showing Native Gold Grains 
(red circle) locked in Goethite (Goe) 
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Figure 4.26 BSE image of Gold grain from flotation feed showing Native Gold Grains 
(red circle) locked in Pyrite (Py) 
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Figure 4.27 BSE image of Gold grain from flotation feed showing Native Gold Grains 
(red circle) locked in composite Dolomite (Dol)-Goethite (Goe) 
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Figure 4.28 BSE image of Gold grain from flotation feed showing Native Gold Grains 
(red circle) attached to Goethite (Goe) 
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4.8 TCM Characterization 
 
Characterization of the carbonaceous matter (TCM) in the ore was carried out to investigate 
its morphology, composition, structure and preg-robbing properties; and to quantify the gold 
content.  The following analytical techniques were deployed to measure the specified 
characteristics of the TCM: 
1. Morphology, association and liberation of TCM by Optical microscopy. 
2. Composition of TCM by Scanning electron microscopy with energy dispersive X-ray 
analyses 
3. Distribution and maturity of TCM determined by Laser Raman spectroscopy 
4. The preg-robbing capacity of TCM evaluated by doping tests.    
        
Based on the results from optical microscopy studies of morphology, association and 
liberation, the carbonaceous matter (TCM) was broadly categorized into three varieties – fine 
grained disseminated TCM associated with carbonates/silicates (Figure 4.15 & Figure 4.16), 
clean liberated TCM (Figure 4.17)and composite TCM - pyrite associated with carbonates 
and silicates (Figure 4.14). 
The composition of these TCM grains (particularly carbon content) showed very high variability 
from grain to grain. The BSE images and composition are presented in Figure 4.29 & Figure 
4.30. 
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Dark (black/grey) areas are low in atomic mass and consist primarily of carbon; bright areas are higher in average atomic mass 
and represent silica/carbonate matrix with very bright areas representing fine sulfides inclusions 
Figure 4.29 BSE image and EDX semi-quantitative elemental analyses of selected 
regions on TCM grains 
 
Fine grained TCM showed higher Carbon content with inclusions of pyrite (very bright areas 
high in average S atomic mass) represents potential misplacement during differential flotation 
of TCM from sulfides. Also, some of TCM grains contains Ca and Mg possibly due to the 
associate with dolomite and calcite mineral while the grains which have only Ca represents 
Calcite mineral. The Fe and S atom % represents pyrite and goethite. 
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TCM 
grains
C O Si Al Ca Mg K Fe S
#1-3 78.5 7.4 5.6 4 1 0.6 1.9 - -
#1-4 67.6 9.2 8.1 5.5 1 0.7 3 0.6 -
#1-5 74.9 9.8 3 2.2 5.7 2.6 1 - -
#8-22 89.4 3.7 1.3 0.2 0.2 0.3 0.1 1.5 2.6
#8-23 81.2 8.6 7.2 0.7 0.2 - 0.3 0.2 0.7
#8-24 84.9 8 4 0.3 1 0.6 0.2 - 0.3
#9-25 66 17.4 12.4 1.1 0.1 0.2 0.4 0.4 0.7
#9-26 88.4 4 5.8 0.2 0.1 0.1 - 0.2 0.7
#9-27 88.1 4.9 1.5 0.2 0.1 0.2 0.1 1.9 2.5  
Dark (black/grey) areas are low in atomic mass and consist primarily of carbon; bright areas are higher in 
average atomic mass and represent silica/carbonate matrix with very bright areas representing fine sulfides 
inclusions 
Figure 4.30  BSE image and EDX semi-quantitative elemental analyses of selected 
regions on TCM grains 
Some of the TCM grains showed high oxygen “O” atomic % possibly due to oxidation of 
Carbon and sulfur because of high surface area of fine TCM grains. In order to characterize 
the structure of TCM a more sophisticated technique Laser Raman Spectroscopy was 
employed which is discussed in the following section 
 
4.8.1 Laser Raman Spectroscopy 
 
Raman analysis is a powerful diagnostic tool to predict and differentiate the preg-robbing 
properties of carbonaceous matter.  For this study, a comparative analysis was conducted on 
the intensity, bandwidth and frequency shifts of the D and G bands for carbonaceous particles 
from the Cortez samples and reference samples of graphite and activated carbon (Figure 4.31 
& Figure 4.32). These bands are attributed to vibrational modes involving Sp2-bonded carbon 
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atoms from disordered microcrystalline domains. The G band is due to bond stretching of pairs 
of Sp2 carbon atoms either in aromatic rings or chains and the D band which is forbidden in 
ideal Graphitic crystals is due to lattice breathing mode (Lazzarini et al. 2016). 
 
 
 
Figure 4.31 Raman spectra of TCM particles with peak fits used for identifying the 
degree of C disorder in carbonaceous matter and discriminating different 
carbonaceous species (Dimov and Hart 2016) 
 
The objective of this study was to fingerprint the structure of the different types of 
carbonaceous matter present in the samples and rank them regarding carbon maturity (ie the 
order of organized carbon). Graphitic carbon is highly ordered whereas activated carbon is 
highly disordered. The preg-robbing capacity is positively correlated with an increasing degree 
of disorder. Examples of Raman spectra for activated carbon and graphite along with selected 
examples from the Cortez-flotation feed are given in Figure 4.32. The figure also shows the 
deconvolution peak fits used for the maturity classification procedure while the results of the 
spectral deconvolution are given in Figure 4.33. The data indicates a much stronger 
contribution from the 1335 peak relative to 1600 with the weak saddle between the two peaks. 
Although there is a significant discrimination for this group, the data does indicate a significant 
degree of C disorder in all the samples with the nature of the carbonaceous matter in the 
samples falling closer to activated carbon than graphite.  
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Figure 4.32 Raman spectra of carbonaceous matter from the Cortez flotation feed 
showing peak fits used for identifying the degree of C disorder in the carbonaceous 
matter. Also shown are reference spectra for activated carbon and graphite. 
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Figure 4.33 Raman Ratio plot (expanded view in region relevant to the Cortez flotation 
feed samples (930/Red):  plot of width (FWHM) normalized peak heights (D band: 1350 
cm-1 and G band: 1600 cm-1) relative to the saddle height (~1540 cm-1) between the 
dominant peaks for various samples. 
 
Cortez Cortez 
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The Raman study showed the following: 
§ The Raman spectroscopy analysis established that the degree of disorder of the 
carbonaceous matter is closer to that of activated carbon than graphitic carbon (Figure 
4.32) 
§ The Raman ratio for the carbonaceous matter in this sample (Figure 4.33) shows a 
relatively wide distribution. 
§ It is expected that this carbonaceous matter would exhibit significant preg-robbing 
characteristics. 
Example SEM images along with Raman spectra for selected grains containing carbonaceous 
matter are given in Figure 4.34 & Figure 4.35 
 
 
 
Figure 4.34 BSE image and Raman spectra of selected TCM grain 
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Figure 4.35 BSE image and Raman spectra of selected TCM grain 
4.8.2 Doping tests to assess preg-robbing characteristics in leaching 
The as received flotation feed sample assayed 13.20 g/t of Au. Doping the flotation feed 
sample with 500 ppm of Au in solution resulted in a gold assay value of 39.50 g/t with a change 
of 25.3 g/t in gold content after processing. When doped with 1000 ppm of Au in solution the 
gold content and change in gold content assayed 41.2 g/t and 28 g/t respectively.  
Since the doping solution contains a certain amount of cyanide solution, it would be possible 
that some partial leaching of visible gold occurs. To account for this, additional control tests 
for visible gold leaching are carried out on the same “flotation feed” sample as the doping test 
with Au(CN)2 and under the same experimental conditions (residence time, CN content). The 
only difference is that there is no added Au(CN)2 in the solution. The doping tests are 
performed for a residence time of 30 min in pregnant solution. Usually, this relatively short 
period does not cause significant leaching of visible gold during the doping tests but if this 
does happen (based on the assayed Au data for these control samples) the estimates for 
maximum preg-robbing capacity can be corrected. The results of doping tests are presented 
in Table 4.17.  
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Table 4.17 Doping tests on the carbonaceous matter from the Cortez flotation feed. 
 
# 
 
Sample 
I.D. 
 
 
Sample description 
Assayed 
gold 
g/t 
Change in gold 
content after 
processing 
g/t 
 
1 
 
1A 
 
 
As received – Not Doped 
 
13.20 
 
N/A 
 
 
2 
 
 
2A 
 
As received  
Doped with 500ppm Au in solution (25 min 
agitation time) 
 
 
 
39.50 
 
 
25.3 
 
3 
 
3A 
 
As received  
Doped with 1000ppm Au in solution (25 min 
agitation time) 
 
 
41.2 
 
28.00 
 
 
4 
 
 
4A 
 
As received  
In same diluted NaCN solution used for #2A 
without AuCN 
Not doped, 25 min. Agitation time 
Control sample for leaching of free gold 
 
 
13.10 
 
 
-0.1 
 
 
5 
 
 
5A 
 
Feed 
As received, Not sized,  
In same diluted NaCN solution used for #3A 
without AuCN 
Not doped, 25 min. agitation time 
Control sample for leaching of free gold 
 
 
12.85 
 
 
-0.35 
 
6 
 
6A 
Rock labs 
Reference sample SL46 
Au=5.867ppm 
 
5.78 
(1.48% 
deviation) 
 
N/A 
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4.8.3 BET Surface area 
 
BET Surface area analysis was used to determine the effective surface area of the 
carbonaceous material present in this sample contributing to the preg-robbing capacity of the 
sample. The results shown in Table 4.18 indicate that the Cortez flotation feed sample has a 
surface area of 6.12 m2/g. Also, presented in the table are the values for pure pyrite (0.37) 
and quartz (0.57) which has considerably less surface area compared to Cortez sample. 
Hence the surface area contribution from Cortez sample is assumed to be mainly due to 
surface area of TCM. 
The TCM surface properties/accessibilities are associated with reagent adsorption in flotation 
aswell as its capacity to preg-rob. 
The BET analysis reflects the surface adsorption capacity of the whole material and, provides 
an estimate of the effective surface area available for reagent adsorption in flotation and 
leachate interaction and potential preg-robbing 
 
Table 4.18 BET surface area data from the Cortez flotation feed and reference data. 
 
 
 
 
 
 
 
 
 
4.8.4 Preg-robbing indices 
 
To allow comparison of the preg-robbing properties of carbonaceous matter from different 
samples, it is useful to normalize the estimated preg-robbing capacities by the determined 
BET surface area for each sample. Such normalized preg-robbing capacities (termed preg-
robbing indices) will reflect the preg-robbing properties of the carbonaceous matter that are 
related to its nature and the degree of disorder (activated/graphitic or somewhere between the 
 
Sample I.D. 
 
 
     BET surface area (m2 /g) 
 
Sample as received, not sized 
 
6.12 
 
Reference data (Pure pyrite),  P80 = 20 µm 
 
 
0.37 
 
Reference data (Pure quartz), P80 = 20 µm 
 
 
0.57 
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two extremes) and surface functional groups that are inherent to the carbonaceous matter in 
the samples. 
As the results presented in Table 4.19 show the maximum preg-robbing capacity of 
carbonaceous matter from the Cortez flotation feed sample was 28.35 g/t and the normalized 
preg-robbing index by BET surface area was 4.57. This preg-robbing characteristic was higher 
compared to that of other previously analyzed Cortez composite samples Low As /High As – 
CHUD and Stockpile composites samples (Chattopadhayay et al. 2016).  
 
Table 4.19 Estimated maximum preg-robbing capacity/preg-robbing indices for 
flotation feed 
 
 
Sample ID 
 
Preg-robbed Au, g/t 
(corrected for leached visible gold) 
 
TCM  
(wt%) 
 
BET 
m2 /g 
 
Preg-robbing index 
normalized by BET 
          
Cortez 
Flotation Feed 
 
 
28.35 
 
(28.00 + 0.35 leached gold) 
 
 
1.66 
 
 
6.12 
 
4.57 
 
Preg-robbing capacity provides additional information regarding potential for gold losses. 
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4.9 Dynamic SIMS analysis 
 
4.9.1 Dynamic SIMS analysis of Au and As in key minerals 
 
Different morphological types of pyrite have various amounts of impurities such as arsenic and 
this may result in different flotation response (Barker et al. 2014). Also, different morphological 
types of pyrites have various oxidation rates depending up on the level of impurities (As) 
leading to the formation of surface coatings which affects the flotation recovery (John 2017). 
The different morphological types of pyrite in the Cortez flotation feed sample were analysed 
using dynamic secondary ion mass spectrometry (D-SIMS) to assess their gold and arsenic 
deportment  
The preferential host of colloidal gold is pyrite, and to a lesser extent arsenopyrite. Unlike 
solid-solution gold there is no requirement for pyrite to be arsenian (arsenic-bearing typically 
with more than 0.5% As by mass). Also colloidal gold is more reactive and can be dissolved 
rapidly at low cyanide concentrations (Chryssoulis & McMullen, 2005) 
The Au concentration in coarse pyrite ranges from 1.05-20.79 ppm with an average 
concentration of 4.56ppm. The average concentration in porous pyrite and fine pyrite is 22 
and 57.04ppm respectively. The concentration of gold in aggregates of 
microcrystalline/disseminated pyrite is high (average value 197.09ppm) compared to other 
three morphological pyrite types. Arsenic concentration followed the same trend like that of 
pyrite (Figure 4.36 & Figure 4.37). 
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Figure 4.36 Au concentration in ppm in different morphological type of pyrites 
 
 
 
Figure 4.37 As concentration in ppm in different morphological type of pyrites 
 
Selected grains of pyrite, goethite, and TCM were analyzed from the flotation feed sample, 
and measured concentrations of gold were presented in Table 4.20 to Table 4.22 
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Table 4.20 Measured concentrations (ppm) of sub-microscopic gold and arsenic in 
pyrite 
          microcrystalline Pyrite
Grain I.D. Au As Grain I.D. Au As Grain I.D. Au As Grain I.D. Au As
m1pyc01 5.33 32 m2pyp01 5.77 118 m2pyf56 314.45 15139 m2pya02 96.77 5093
m1pyc02 10.52 169 m2pyp07 8.3 376 m2pyf57 56.73 3823 m2pya03 341.6 19982
m1pyc03 20.79 658 m2pyp06 9.14 826 m2pyf58 9.75 397 m2pya04 532.2 11370
m1pyc04 3.5 1883 m2pyp36 20.7 1010 m2pyf59 4.06 1047 m2pya05 26.93 1119
m1pyc09 1.75 106 m3pyp01 3.93 671 m2pyf60 39.37 967 m2pya08 26.54 1428
m1pyc10 2.15 3065 m3pyp02 31.79 588 m2pyf61 113.31 2929 m2pya09 71.6 18705
m1pyc11 1.63 123 m3pyp03 3.94 94 m2pyf62 11.72 1984 m2pya10 65.01 8414
m1pyc12 1.99 84 m3pyp04 23.27 940 m2pyf63a 17.67 1214 m2pya11 87.01 17414
m1pyc13 1.51 80 m3pyp05 5.12 719 m2pyf63b 4.86 1700 m2pya12 384.7 2873
m1pyc15 1.05 29 m3pyp06 19.01 606 m2pyf64 2.19 1624 m2pya13 34.13 530
m1pyc17 1.15 2 m3pyp07 6.74 1065 m2pyf65 16.1 1600 m2pya15 134.6 13330
m2pyc39 3.4 90 m3pyp08 32.44 16372 m2pyf67 3.32 107 m2pya16 586.9 6370
m3pyp09 4.82 28947 m2pyf68 44.91 4140 m2pya17 29.16 87920
m3pyp10 25.69 1629 m2pyf69 108.26 2598 m2pya18 1449 25727
m3pyp11 4.99 467 m2pyf73 108.96 2377 m2pya22 25.04 22276
m3pyp12 84.62 10070 m2pya30 39.44 7109
m3pyp13 5.92 6 m2pya31 23.55 233
m3pyp14 11.42 1420 m2pya33 20.57 240
m3pyp15 110.35 3997 m2pya34 180.1 5417
m2pya37 515.1 385303
m2pya38 80.64 5017
m2pya40 19.14 2425
m2pya53 25.96 13481
m2pya54 52.48 15930
m2pya55 78.97 4647
Average 4.56 527 Average 22.00 3680 Average 57.04 2776 Average 197.09 27294
Pyrite
Coarse Pyrite Porous Pyrite Fine Pyrite  Aggregates of disseminated/  
 
Excluding the highest As value grain (385303 ppm observed in Grain m2pya37) the average 
As grade is 11882 ppm, which is consistent with Table 6.13, p. 196 (10713 ppm). 
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Table 4.21 Measured concentrations (ppm) of sub-microscopic gold and arsenic in 
goethite 
                     Goethite
Grain I.D. Au As
m3feo32 1.69 5750
m3feo33 14.71 8458
m3feo34 3.38 8656
m3feo35 2.47 20827
m3feo36 4.36 9368
m3feo37 1.26 4774
m3feo38 1.51 6432
m3feo39 1.64 4948
m3feo40 3.11 6603
m3feo41 2.67 26251
m3feo42 6.53 22172
m3feo43 1.54 6871
m3feo44 7.37 10137
m3feo45 3.69 21616
m3feo47 2.47 6137
m3feo50 0.79 7031
m3feo55 1.71 35380
m3feo59 13.55 23217
m3feo64 3.04 16513
m3feo66 9.89 13123
Average 4.37 13213  
 
Table 4.22 Measured concentrations (ppm) of sub-microscopic gold in TCM 
TCM Composite Disseminated
Grain I.D. TCM-Pyrite TCM
Au Au Au
m4dcm01 3.6 3.6
m4tcm02 6.6 6.6
m4dcm03 1.4 1.4
m4dcm04 2.2 2.2
m4dcm05 1.8 1.8
m4tcm06 4.6 4.6
m4dcm07 1.6 1.6
m4dcm08 2 2
m4tcm12 21.8 21.8
m5dcm01 3.2 3.2
m5tcm02 23.48 23.48
m5dcm03 6.4 6.4
m5tcm04 20.4 20.4
m5tcm05 21.8 21.8
m5tcm06 4.2 4.2
Average 8.34 14.70 2.78  
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4.9.2 Dynamic SIMS depth profile analysis of solid solution and colloidal size 
gold 
 
Dynamic SIMS depth profile analysis of sub-microscopic gold was carried out for different 
morphological types of pyrite and goethite and TCM grains and the results of these analysis 
are presented in (Figure 4.38 to Figure 4.45). During the D-SIMS analysis, an ion beam 
removes consecutive layers of material from the surface of the polished mineral grains and 
generates depth profiles of the distribution of gold. The spikes in the gold signal intensity in 
the depth profiles represent colloidal gold (Figure 4.38B, Figure 4.41 and Figure 4.43 to 
Figure 4.45) and the area under spikes (indicated in Figure 4.41 & Figure 4.43 by yellow 
shaded ellipses) represent the approximate size of this colloidal type, sub-microscopic gold. 
The typical size for this form of gold is in the range of 100-200 nm. In the D-SIMS depth profiles 
the Au signal for solid solution sub-microscopic gold shows a steady (flat) Au signal similar to 
the matrix elements but with different levels of intensity depending on the concentration of 
solid solution sub-microscopic gold present in the mineral phase (Figure 4.38A, Figure 4.39, 
Figure 4.40 and Figure 4.42). In the Cortez rod mill product sample, the depth profile showed 
the presence of both solid solution and colloidal size invisible gold in the different 
morphological types of pyrite while in goethite and TCM grains all depth profiles showed only 
the presence of colloidal size invisible gold.  
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Figure 4.38 Concentration depth profiles of sub-microscopic gold in coarse pyrite 
grains. A) Solid solution sub-microscopic gold in a coarse pyrite grain (Au=20.79ppm), 
B)  Colloidal size sub-microscopic gold in a coarse pyrite grain (Au=10.52ppm).  
(The spikes in gold signal intensity in depth profiles represent colloidal gold and area under spike 
represent approximate size of the colloidal type sub-microscopic gold on the depth scale) 
 
 
 
The Intensity of Fe and S in the two coarse pyrite grains presented in Figure 4.38 remained 
fairly constant and the same with increasing depth of analysis for both grains analyzed. The 
intensity of arsenic varied between the two coarse pyrite grains analyzed while the intensities 
for Au changed slightly, possibly due to the form of gold (Solid solution or submicroscopic). 
The intensity of Au within the coarse pyrite grains varies slightly with increasing depth of 
analysis. 
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Figure 4.39 Concentration depth profiles of sub-microscopic gold in porous pyrite 
grains. A) Solid solution sub-microscopic gold in a porous pyrite grain 
(Au=110.35ppm), B) Solid solution size sub-microscopic gold in a porous pyrite grain 
(Au=84.62ppm 
High intensities of gold and arsenic were observed in porous pyrite grains with increasing 
depth of analysis as shown in Figure 4.39 compared to coarse pyrite grains. Intensity of 
arsenic is moderately higher with increasing depth of analysis in porous pyrite grains 
compared to that observed in coarse pyrite grains. 
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Figure 4.40 Concentration depth profiles of sub-microscopic gold in fine pyrite grains. 
A) Solid solution sub-microscopic gold in a pyrite aggregate grain (Au=108.26ppm),     
B)  Solid solution sub-microscopic gold in a pyrite aggregate grain (Au=314.45ppm) 
 
 
Between the two fine pyrite grains analysed there is no significant difference between S and 
Fe intensities with increasing depth and showed similar trend while the intensities of As and 
Au are moderately higher (Figure 4.40) 
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Figure 4.41 Concentration depth profiles of sub-microscopic gold in pyrite aggregate 
grains. A)   Solid solution/colloidal size gold in a pyrite aggregate grain (Au=586.9ppm), 
B) Colloidal size sub-microscopic gold in a pyrite aggregate grain (Au=180.10 ppm). 
(The spikes in gold signal intensity in depth profiles represent colloidal gold and area under spike 
represent approximate size of the colloidal type sub-microscopic gold on the depth scale) 
 
Concentration depth profiles of species S, Fe and As between and within pyrite aggregates 
showed almost similar trend (Figure 4.41). However, the intensities of gold varied significantly 
within and between the pyrite grains with depth of analysis possibly due to the forms of gold. 
The intensities of gold in aggregates of pyrite when compared with other morphological types 
(coarse, porous, fine) is significantly higher. 
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Figure 4.42 Concentration depth profiles of sub-microscopic gold in pyrite aggregate 
grains. A) Solid solution sub-microscopic gold in a pyrite aggregate grain 
(Au=532.2ppm), B) Solid solution sub-microscopic gold in a pyrite aggregate grain 
(Au=1,449.0ppm) 
 
Also noted are some grains of pyrite aggregates which have very high concentrations of Au 
and As as shown in Figure 4.42 compared to the pyrite aggregates grains analysed in Figure 
4.41. Although the intensities of S and Fe in all the pyrite aggregate grains remained almost 
same, a wide variation in intensities of As and Au with respect to analysis depth was observed. 
High intensity of As in one of the pyrite aggregate grain was noted Figure 4.42B possibly due 
to the presence of Arsenian Pyrite (As-Py). 
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Figure 4.43 Concentration depth profiles of sub-microscopic gold in Goethite grains. 
A)   Colloidal size sub-microscopic gold in a Goethite grain (Au=14.71ppm), B) Colloidal 
size sub-microscopic gold in a Goethite grain (Au=13.55 ppm).  
(The spikes in gold signal intensity in depth profiles represent colloidal gold and area under spike 
represent approximate size of the colloidal type sub-microscopic gold on the depth scale) 
 
Concentration depth profiles of Fe, As and Au in goethite presented in Figure 4.43 showed 
no significant difference between the intensities of Fe between and within the goethite grains 
with respect to depth. However, there is a wide variation in intensities of As between the 
goethite grains although it followed a similar trend within the goethite grains. The concentration 
Au in Goethite grains is much less compared to different morphological types of pyrite except 
in some of the coarse pyrite grains (Figure 4.38B) 
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Figure 4.44 Concentration depth profiles of sub-microscopic gold in TCM grains.             
A)   Colloidal size sub-microscopic gold in a TCM grain (Au=21.8ppm), B) Colloidal size 
sub-microscopic gold in a TCM grain (Au=23.48 ppm).  
(The spikes in gold signal intensity in depth profiles represent colloidal gold and area under spike 
represent approximate size of the colloidal type sub-microscopic gold on the depth scale) 
 
Concentration depth profiles of Carbon ( C ) in different TCM grains remained constant with 
grain depth as shown in Figure 4.44 and Figure 4.45. Au and Fe concentrations in different 
TCM grains showed wide variation concerning depth of TCM grain. It appears that Arsenic is 
present in all the mineral grains analysed (Pyrite, TCM, and Goethite).  
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Figure 4.45 Concentration depth profiles of sub-microscopic gold in TCM grains.            
A)   Colloidal size sub-microscopic gold in a disseminated TCM grain (Au=21.8ppm),   
B) Colloidal size sub-microscopic gold in a disseminated TCM grain (Au=23.48 ppm). 
(The spikes in gold signal intensity in depth profiles represent colloidal gold and area under spike 
represent approximate size of the colloidal type sub-microscopic gold on the depth scale) 
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4.9.3 Sub-microscopic gold distribution of Cortez ore flotation feed 
 
The quantitative gold deportment in the Cortez ore flotation feed was estimated by combining 
the concentration of invisible (sub-microscopic) gold in sulfides, goethite and TCM, and assay. 
The results were listed in Table 4.23 and plotted in Figure 4.46. For quantification of invisible 
gold in different sulfides, the dynamic SIMS data for average concentration of gold in these 
phases, and the mineral abundances from XRD, QEMSCAN and Optical Microscopy were 
applied.  
As a part of Gold Deportment study, quantification of different mineral phases (modal 
abundances) was primarily carried out using QEMSCAN modal analysis and XRD. Optical 
microscopy manual point counting method was used for relative proportion of different 
morphological varieties of pyrite and from relative proportion of different morphological 
varieties of pyrite, the abundance of different types of pyrite were calculated. QEMSCAN is a 
benchmark technique for modal/liberation study. In this Gold Deportment study, we haven’t 
carried out XRD for each sample, XRD was used along with modal data for more precise 
identification of phyllosilicates & clay minerals. XRD has its limitation for modal analysis – 
depending on degree of crystallinity of different phases and mineral association. In general, 
XRD is not a preferred mineralogical technique to identify sulfide/Fe-Oxide phases in ore 
sample which normally occurred as minor or trace phases (< 5 wt. %). However, XRD was 
used for gangue mineral identification along with QEMSCAN particularly for phyllosilicates 
(mica & clay minerals). 
Pyrite is a moderate carrier of invisible gold in this Cortez sample while TCM and goethite 
were minor gold carriers. Pyrite accounted for 13.3% of the total gold contained in the sample 
while TCM and goethite accounted for 1.2% and 0.3% of total gold in this sample. 
Table 4.23 Sub-microscopic gold distribution in the sample 
Au range (ppm) 1.05-20.79 3.93-110.35 2.19-314.45 19.14-1449 0.79-14.71 1.4-23.48
Au average (ppm) 4.56 22.00 57.04 197.09 4.37 8.34
Mineral mass (%) 0.15 0.30 0.20 0.60 0.78 1.66
Au Distribution (%) 1.2 0.6 1.0 10.5 0.3 1.2
Total Invisible 
Gold (%)
Minerals
14.8
Coarse 
Pyrite
Porous 
Pyrite
Fine Grained 
Pyrite
Py-Aggregates 
(Disseminated & 
microcrystalline)
Goethite TCM
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Figure 4.46  Gold distribution in Cortez flotation feed 
 
Based on gold deportment studies, majority of gold is present as visible liberated native gold 
(66% by surface area) which is a significant and a new finding for this ore. Majority of the 
visible Au proportion (83%) is in two coarse grains, 60% in 33 µm and 23% in 20 µm as shown 
in Figure 4.47 which pose a challenge in recovering through flotation separation. 
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Figure 4.47 Au proportion versus grain size of visible native gold 
 
4.9.4 Major findings of the Dynamic SIMS analysis were tabulated below: 
 
1. Pyrite was the moderate gold carrier for this sample. 
2. The estimated average gold concentration in coarse, porous, fine and aggregates of 
disseminated/micro-crystalline pyrite was 4.56ppm, 22.0ppm, 57.04ppm and 
197.06ppm respectively in this sample.  
3. The measured gold analysis data showed a large dynamic range of sub-microscopic 
gold concentrations (from few ppm to few hundreds of ppm) for the various 
morphological types of pyrite, particularly in disseminated/micro-crystalline pyrite 
aggregates. 
4. Statistically, 52% of the SIMS concentration depth profiles in pyrite showed the 
presence of solid solution gold, and the rest (48%) being colloidal type sub-microscopic 
gold. 
5. Goethite and TCM were minor gold carriers. The measured gold concentration in 
goethite and TCM were 4.37ppm and 8.34ppm respectively. 
6. Statistically, 100% of the SIMS concentration depth profiles in goethite and TCM 
showed the presence of colloidal type sub-microscopic gold. 
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4.10 Solution analysis of Cortez flotation feed 
 
Solution analysis was carried out to understand the type of ions that are released into solution 
in the flotation feed slurry at the natural pH used in flotation and at acidic pH over a 30-minute 
time period. The procedure described in methodology section was followed. 
The Cortez ore was ground in laboratory rod mill for 12 minutes with 40% solids to obtain a 
final P80 of 38 µm. Although, actual P80 of flotation feed is 75 µm, solution analysis tests are 
carried out at a different P80 assuming no significant changes in the flotation pulp. Tests are 
also carried out at acidic pH keeping in mind the high recovery of Pyrite at acidic pH compared 
to alkaline pH. The particle size distribution was measured using Malvern laser particle size 
analyzer which is shown in Figure 4.48. 
 
Figure 4.48 Particle size distribution in the feed to the solution analysis test (Cortez 
Ore) 
The solution analysis results shown in Figure 4.49 indicate a significant change of calcium 
and magnesium ion concentration in solution with reduction in pH. The calcium ion 
concentration at pH 5.78 after conditioning the ore for 5 minutes is 1640 ppm which is 
significantly higher than the ore conditioned at natural pH (8.3) which shows a calcium ion 
concentration of 40ppm. A similar trend observed for magnesium ions but the increase in 
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concentration at acidic pH values is not as great, with Mg2+ concentration increasing from 46 
ppm at natural pH to 153 ppm at acidic pH 5.78. The conditioning time has little or no effect 
on the ionic concentration at both natural and acidic pH values.  
The increase in calcium and magnesium ion concentration at acidic pH is thought to be due 
to the dissolution of Calcite and dolomite mineral present in Cortez Ore. The solubility of calcite 
is more compared to dolomite and increases with decreasing pH (Chou et al. 1989, 
Michałowski and Asuero 2012) . The dissolution rate of calcite/limestone at 22% bicarbonate 
saturation in moles of carbonate h-1cm-1*10+6 is 3.23 while for dolomite is 0.58 (Rauch and 
White 1977). At acidic pH calcite solubility increases by releasing calcium ions into the 
solution. These ions may have a significant effect on flotation performance due to the 
formation of surface coatings if the optimum pH is not maintained (Mu et al. 2016) although 
the rate of pyrite flotation is better. 
 
Figure 4.49 Showing the effect of pH on the concentration of calcium and magnesium 
ions in solution for Cortez ore. 
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4.10.1 Eh-pH Diagrams 
 
Eh-pH diagrams are used to identify the stable phases of an aqueous electrochemical system 
and were generated for the Ca-C-Mg-H2O system using the HSC Chemistry software 7.00. 
From Figure 4.50 Ca is present as Ca(OH) 2 above pH 11 and at lower potentials. Magnesium 
is present as Mg(OH)2 above 8.5pH and at higher potentials. Although, the concentration of 
Mg is very less compared to Ca in the flotation pulp this will affect the flotation of pyrite. The 
formation of hydroxide precipitates on the mineral surface makes them hydrophilic and affects 
flotation separation; therefore, pH is an important factor while carrying out flotation 
experiments. To avoid the formation of hydrophilic coatings on the surface of pyrite, pH was 
maintained at around 8. 
 
 
14121086420
1.0
0.8
0.6
0.4
0.2
0.0
-0.2
-0.4
-0.6
-0.8
-1.0
Ca
Ca
Ca
Ca
Ca
Ca
Mg
Mg
Mg
Mg
Mg
Ca - C - Mg - H2O - System at 25.00 C
C:\HSC7\EpH\CaCMgC25.iep         pH
Eh (Volts)
Ca(HCO3)2
Ca(OH)2
Ca(+2a)
MgO2
Mg(OH)2
Mg(+2a)
CH4
ELEMENTS Molality Pressure
Ca                         1.000E+00   1.000E+00
C                          1.000E+00   1.000E+00
Mg                         1.000E+00   1.000E+00
 
Figure 4.50 Showing Eh-pH diagram for Ca-C-Mg-H2O system generated using HSC 
Chemistry software 
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4.11 Discussion of flotation feed characterization results 
 
This chapter presented the salient findings of detailed characterization studies of Cortez 
double refractory gold ore using a suite of analytical techniques including fire assay, LECO-
Carbon and sulfur analysis, ICP-AES, optical microscopy, MLA, QEMSCAN, Raman 
Spectroscopy, Dynamic SIMS analysis, solution analysis and Eh-pH diagrams.  
Detailed chemical assays on the size fraction of  Cortez flotation feed indicated that the grade 
of gold gradually increased from the coarsest fraction (4.02 g/t) to the finest fraction (18.05 
g/t) as shown in Figure 4.2. The grade of TCM decreased from the coarser fraction (1.42 %) 
to finer fraction (0.90 %) until C5 size fraction and then doubled its value in the –C5 size 
fraction. Approximately 48% of the total Au, 41% of the TCM, and 22% of the total sulfur were 
distributed in the –C5 size fraction (31.16% by weight), as shown in Figure 4.3 
Bulk mineralogy, quantitative modal mineralogy, liberation, elemental deportment and 
morphology/association of TCM, sulfides and visible gold scan for flotation feed sample were 
carried out by optical microscopy, electron micro-probe, MLA, and QEMSCAN. Quantification 
of invisible gold in sulfides, TCM, Fe-Oxides, and preg-robbed surface gold in TCM were 
carried out by Dynamic and TOF SIMS.  
 
The sample was mainly composed of dolomite (58.9%) with moderate amounts of quartz 
(19.4%), muscovite (13.1%) and calcite (3.18%). Minor amounts of pyrite (1.17%) which 
includes arsenian pyrite and organic carbon (2.00%) were noted. Pyrite was the main sulfide 
phase in this sample accounting for more than 95% of the total sulfur and approximately 50% 
of the total Fe.  
Pyrite showed a wide variation in grain-sizes (ranges from 1μm to 100μm), shapes (from 
irregular elongated to rectangular grains) and was mostly liberated. Fine inclusions of pyrite 
(1µm to 10µm) within carbonates/silicates were commonly noted. Flotation of pyrite pose a 
great challenge due to fine particle size and irregular shape. Particles which have more 
acuteness/sharpness are known to inhibit the movement of contact line resulting in low 
flotation recoveries. Four morphological varieties of pyrite were noted - coarse, porous, fine 
and aggregates of disseminated/ micro-crystalline. Moderate liberation of pyrite (63%) was 
noted. Invisible gold analysis by Dynamic SIMS analysis was carried out for each 
morphological variety of pyrite grains. High concentration of Au is observed in aggregates of 
disseminated/microcrystalline pyrite grains compared to other morphological types. Different 
morphological types have different oxidation rates which affects its flotability. Since 
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aggregates of pyrite are in general present in flotation feed as coarse grains they may report 
to flotation tailings contributing to gold loses. 
TCM, in general, mostly occurred as finely disseminated grains associated with carbonates, 
silicates, and pyrite. Fine locked TCM and pyrite particles reporting to TCM concentrate 
reduces the flotation selectivity.  A trace amount (0.8%) of Fe-Oxides (mainly goethite) was 
noted in this sample which accounted approximately 50% of the total Fe. The presence of Fe-
oxide coatings on gold and pyrite may result in slime coating and cause poor flotation.  
Back Scattered Electron (BSE) images of gold grains from flotation feed sample showing 
Native Gold grains locked in dolomite (Dol) as fine inclusions. Liberated fine carbonates have 
greater chance to report to concentrate due to entrainment effects there by diluting the 
concentrate grades and increasing the mass pull in differential flotation of TCM and sulfides. 
A doping test of TCM with Au(CN)2 solution indicated the moderately high preg-robbing 
capacity of TCM (maximum 28g/t Au). This value is high compared to that of other Cortez 
samples (Chattopadhayay et al. 2016). Analysis of the TCM by Laser Raman spectroscopy to 
assess carbon maturity established that the degree of disorder of TCM was close to that of 
activated carbon. This supports the high preg-robbing characteristics of TCM observed in the 
doping test. SEM-EDS analysis indicated wide variation in ‘C’ composition for disseminated 
TCM grains. 
Some visible gold grains were noted from optical and MLA Gold scan. Most of the observed 
gold grains were fine-grained with an average grain size of 3μm (grain size ranges 1μm to 
33μm) and were native gold in composition (88% to 100% Au). Most of the gold grains were 
liberated (66% by surface area). Fine inclusions of gold grains were commonly noted within in 
pyrite and goethite (34% by surface area and 90% by number). Flotation of liberated ultra fine 
gold particles (<3 µm) pose a great challenge. It is expected that these ultra fine gold particles 
may report to tailings. 
Pyrite was a moderate carrier of invisible gold and accounted for 13% of the total Au in this 
Cortez ore. For the different morphological types of pyrite, disseminated and microcrystalline 
pyrite aggregates were the main gold carrier which accounted for approximately 10% of the 
total Au while fine pyrite, porous pyrite, and coarse pyrite together account for the remaining 
3% of the Au.  
TCM and goethite were minor gold carriers and accounted for 1% and 0.5% of the total gold 
in this sample respectively. Dynamic SIMS depth profiling analysis in different morphological 
types of pyrite showed the presence of 52% colloidal type of gold in all the depth profiles. In 
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TCM and goethite the SIMS concentration depth profiles showed the presence of colloidal 
type sub-microscopic gold.  
Based on gold deportment studies, majority of gold is present as visible liberated native gold 
(66% by surface area) which is a significant and a new finding. Majority of the visible Au 
proportion (83%) is in two coarse grains, 60% in 33 µm and 23% in 20 µm which pose a great 
challenge in recovering through flotation separation 
Solution analysis results indicate a significant change of calcium and magnesium ion 
concentration at pH 5.78. Speciation diagrams using HSC Chemistry Software indicated the 
presence of calcium and magnesium hydroxides which may affect the flotation performance 
at pH values above 11.5. The natural pH of Cortez ore flotation slurry is around 8. It is expected 
that hydrophilic coatings on the surface of pyrite is minimal at this pH. 
Based on previous studies (Chattopadhayay et al. 2016) on double-refractory ore from Carlin-
type deposit majority of gold is present in invisible form in sulfides and other mineral phases. 
It is expected the same for Cortez double refractory ore. However, key findings on Cortez 
double refractory ore revealed the majority of gold present in liberated visible gold grains which 
is in difference with previous findings. 
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Chapter 5 Cortez ore flotation results 
 
5.1 Introduction 
 
This chapter presents the results of Cortez ore flotation carried out at JKMRC using standard 
Barrick flotation test protocols. Sequential flotation of TCM using diesel oil as collector and 
DF-250 as frother followed by activation and flotation of pyrite with Potassium Amyl Xanthate 
(PAX) as collector and DF-250 as frother was carried out. Flotation performance was 
evaluated using a suite of plots which include, recovery versus time, grade versus recovery, 
selectivity and fraction remaining versus time. Comparative analysis of JKMRC and Barrick 
flotation performance is discussed in detail. The flotation performance without the activation 
of pyrite in sulfide flotation stage was compared with the standard JKMRC test.  
 
5.2 Flotation of Cortez ore at standard Barrick conditions 
 
Flotation experiments were carried out with rod mill product having a P80 of 75 µm as described 
in Chapter 3.  Sequential flotation of TCM followed by activation and flotation of pyrite was 
conducted, with timed concentrates being collected during the batch test. The results are 
compared with Barrick. Details of the flotation test results are presented in Table 5.1 to Table 
5.3 
Optimum reagent dosings were selected based on a confidential report from Barrick. There is 
limited literature available on the flotation of these type of double refractory gold ores 
(Tabatabaei et al. 2014). 
In the flotation test protocol used in Barrick laboratories, there are 4 TCM flotation stages with 
flotation time of 2 minutes each except the last TCM stage having 1 minute. During preliminary 
stage of the flotation test work in this research initial flotation tests were performed with 
optimum conditions provided by Barrick, but the Au recoveries were lower than Barrick 
achieved due to problems associated with slower flotation rates in TCM flotation. After 
consultation with Barrick technical experts as well as flotation experts globally, a revised 
flotation protocol was developed for this research with increased frother dosage for TCM 
flotation stages and extending the TCM flotation time from 8 to 13 minutes. With this approach 
acceptable TCM recoveries were achieved. It should be noted that JKMRC-T7 and JKMRC-
T9 are repetition/reproducibility tests. The results of JKMRC-T7 and JKMRC-T9 are compared 
using a parity plot (Figure 5.1) 
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Table 5.1 Table showing flotation test results of Cortez ore for Barrick test 
 
 
 
Table 5.2 Table showing flotation test results of Cortez ore for JKMRC-T7 test 
 
 (g) % (Dist)  (g/t) % (Dist)  (g/t) % (Dist)  (g/t) % (Dist)
TCM Con 1 13.00 2.59 20.3 3.97 4.4 8.74 0.56 2.23
TCM Con 2 18.00 3.59 24.8 6.72 5.29 14.55 0.61 3.36
TCM Con 3 23.00 4.59 25.8 8.93 4.33 15.22 0.64 4.51
TCM Con 4 28.00 5.59 19.5 8.20 2.61 11.17 0.61 5.23
TCM Con 5 24.00 4.79 16.5 5.96 1.83 6.71 0.57 4.19
TCM (6+7) 28.00 5.59 15.6 6.55 1.18 5.05 0.58 4.97
Py Con 1 16.00 3.19 24.4 5.88 0.85 2.08 3.68 18.03
Py Con 2 22.00 4.39 28.7 9.50 1 3.36 4.84 32.61
Pyn Con 3 25.00 4.99 23.3 8.77 1.01 3.86 1.06 8.11
Tails 304.00 60.68 7.8 35.51 0.63 29.27 0.18 16.76
Callc. Head 501.00 100 13.26 100 1.31 100 0.65 100
 (g) % (Dist)  (g/t) % (Dist)  (g/t) % (Dist)  (g/t) % (Dist)
TCM Con 1 13.00 2.59 20.30 3.97 4.40 8.74 0.56 2.23
TCM Con 1-2 31.00 6.19 22.91 10.69 4.92 23.29 0.59 5.59
TCM Con 1-3 54.00 10.78 24.14 19.63 4.67 38.51 0.61 10.10
TCM Con 1-4 82.00 16.37 22.54 27.82 3.96 49.68 0.61 15.33
TCM Con 1-5 106.00 21.16 21.17 33.78 3.48 56.39 0.60 19.52
TCM Con 1-7 134.00 26.75 22.63 40.34 3.00 61.44 0.60 24.49
Py Con 1 16.00 3.19 24.40 5.88 0.85 2.08 3.68 18.03
Py Con 1-2 38.00 7.58 26.89 15.38 0.94 5.44 4.35 50.64
Pyn Con 1-3 63.00 12.57 25.47 24.15 0.97 9.30 3.05 58.75
TCM Float Tails 367.00 73.25 10.80 59.66 0.69 38.56 0.67 75.51
Cummulative
Dry weights Au TCM (Org)  S tot
John Thella/JKMRC_T7 with CuSO4 activation
Dry weightsStage Au TCM (Org)  S tot
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Table 5.3 Table showing flotation test results of Cortez ore for JKMRC-T9 
 
 
 
 
Figure 5.1 Parity plot indicating the comparison of Distributions of Au, TCM, and 
pyrite for JKMRC-T7 & JKMRC-T9 
 
STAGE
(g) (%) Dist. (g/t) % Dist. (%) % Dist. (%) % Dist.
TCM Conc (1+2+3) 61.75 12.84 21.90 21.19 3.59 35.03 0.58 11.22
TCM Conc (4+5) 49.50 10.30 18.45 14.31 2.14 16.74 0.59 9.15
TCM Conc (6+7) 26.50 5.51 15.85 6.58 1.41 5.90 0.56 4.65
Py Conc 1 12.25 2.55 22.50 4.32 0.84 1.63 3.40 13.05
Py Conc 2 20.25 4.21 30.40 9.65 1.07 3.42 5.65 35.85
Py Conc 3 24.25 5.04 24.90 9.46 1.23 4.71 1.07 8.13
Tails 286.25 59.54 7.69 34.49 0.72 32.57 0.20 17.94
Cal. Head 480.75 100.00 13.27 100.00 1.32 100.00 0.66 100.00
CUMULATIVE
(g) (%) Dist. (g/t) % Dist. (%) % Dist. (%) % Dist.
TCM Conc 1-3 61.75 12.84 21.90 21.19 3.59 35.03 0.58 11.22
TCM Conc 1 - 5 111.25 23.14 20.36 35.50 2.94 51.77 0.58 20.37
TCM Conc 1 - 7 137.75 28.65 19.50 42.08 2.65 57.67 0.58 25.03
Py Conc 1 12.25 2.55 22.50 4.32 0.84 1.63 3.40 13.05
Py Conc 1-2 32.50 6.76 27.42 13.96 0.98 5.05 4.80 48.90
Py Conc 1-3 56.75 11.80 26.34 23.43 1.09 9.76 3.21 57.03
TCM Float Tails 343.00 71.35 10.78 57.92 0.78 42.33 0.70 74.97
Solids Au TCM (Corg) S tot
John Thella/JKMRC-T9
DRY Weights Au TCM (Corg) S tot
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The flotation test results (JKMRC-T7) indicated an overall gold recovery of 64.5% with 21.8g/t 
Au grade. Recoveries of TCM and Total Sulfur reached 70.7% and 83.2% respectively. The 
gold distribution in the sulfides concentrate, and the TCM concentrate was 24.3% and 40.3% 
respectively. The tailings contain 35.5% of the total gold fed to flotation. The proportion of the 
TCM recovered to the sulfides concentrate is low (9.3%) compared to TCM concentrate 
(61.4%). The tails contain 29.3% of the TCM fed to the flotation test. The proportion of the 
sulfides recovered in the TCM concentrate is 24.5%. The distribution Gold, TCM, and sulfides 
in TCM concentrate, sulfides concentrate, and tailings are presented in Figure 5.2 to Figure 
5.4.  
Also, for comparison are presented the results of Barrick flotation test ( Figure 5.5 to Figure 
5.7 ). The overall gold recovery is similar for JKMRC and Barrick tests, but the recovery split 
between the TCM concentrate and the Sulfides concentrate is different, and this will be 
investigated further using the results of the MLA, gold deportment, and TOF-SIMS analyses.  
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Figure 5.2 Distribution of Au in different flotation products (TCM Concentrate, Sulfides 
concentrate and Tailings) 
 
 
Figure 5.3 Distribution of TCM in various flotation products (TCM concentrate, 
Sulfides concentrate & Tailings) 
 
 
Figure 5.4 Distribution of Sulfides in different flotation products (TCM concentrate, 
Sulfides concentrate & Tailings) 
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Figure 5.5 Comparison of JKMRC and Barrick test results-Au distribution in TCM and 
Sulfides concentrate and tailings 
 
Figure 5.6 Comparison of JKMRC and Barrick test results-TCM distribution in TCM 
and Sulfides concentrate and tailings 
 
Figure 5.7 Comparison of JKMRC and Barrick test results-Sulfides distribution in TCM 
and Sulfides concentrate and tailing 
The Cumulative weight percent recovery versus time was plotted in Figure 5.8 for Barrick and 
JKMRC flotation tests. The results indicated a consistent rate in mass pull with respect to time 
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compared to a sudden increase in mass pull after a 6th minute (final TCM stage) for Barrick 
flotation test. Barrick advises us that there are no reagent changes other than that is 
mentioned in the protocol, during the final TCM stage. This anomaly could be due to 
differences in flotation feed mineralogical characteristics which was discussed in Chapter 4. 
The cumulative recovery of Au, TCM, and sulfides was plotted versus time in Figure 5.9 for 
JKMRC-T7. All further discussions from here on focus on T-7. A sharp rise in the slope of TCM 
was noted until 10 minutes of flotation time and later remained almost constant till the end. 
This phenomenon shows the kinetics of recovery of TCM was higher until 10 minutes of time 
compared to later stages of flotation. The kinetics of gold recovery gradually increased from 
the start of TCM flotation until the end of sulfides flotation stage. The recovery of sulfides 
gradually increased until the 13th minute of flotation time. A sudden increase of around 50% 
recovery of sulfides was observed from 13 minutes of flotation time until the 17th minute. From 
17th minute till the end of sulfides flotation no significant change in the recovery was noted.  
 
Figure 5.8 Mass pull versus time comparison curves for Barrick and JKMRC flotation 
tests. 
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Figure 5.9 Cumulative recovery versus time plots for JKMRC-T7 test 
Grade versus recovery curves for Au, TCM, and Sulfides are plotted in Figure 5.10. Curves 
for Au and sulfide didn’t follow any trend while a grade of TCM followed an inverse relation 
with cumulative recovery. Selectivity plot showing the recovery of Au versus pyrite & TCM 
recovery are shown in Figure 5.11 & Figure 5.12.   
 
Figure 5.10 Grade versus recovery plots for JKMRC-T7 
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Figure 5.11 Selectivity plot showing the recovery of Au versus pyrite recovery 
 
 
Figure 5.12 Selectivity plot showing the recovery of Au versus TCM recovery  
 
A sharp rise in gold recovery with respect to pyrite was noted during the TCM flotation stage. 
The recovery of gold at the end of TCM flotation stage reached 40.43% while pyrite recovery 
was considerably low (24.49%). Starting from sulfide flotation stage-1 till the end 
approximately 59% of pyrite was recovered compared to 25.14% gold recovery.  
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Gold recovery gradually increased with increasing TCM recovery and reached a value of 
40.34% at TCM recovery of 61.44% (end of TCM stage). From beginning to end of sulfide 
flotation stage, the difference in recovery of gold is 25.14% while TCM is 9.29%. This data 
indicated selective flotation of TCM in TCM stage and pyrite in sulfides stage. 
The recovery of pyrite in TCM flotation stage can be attributed to entrainment and ultrafine 
pyrite particles which will be discussed more in detail in Chapter 6.  
The behavior of each mineral component can be expressed in kinetic terms where cumulative 
flotation time on X-axis and fraction remaining (100-Recovery) on Y-axis was shown in Figure 
5.13  for the JKMRC-T7  test. For Au, the graph depicted a kinetic behavior with three different 
values of the rate constant (slow, fast and medium) while TCM showed evidence of two values 
of the rate constant (fast and slow). The same trend was observed for the replicate test 
JKMRC-T9 (Figure 5.14). For, pyrite the fraction remaining started to drop until 13 th minute 
(end of TCM stage) possibly due to entrainment of ultrafine pyrite particles and then a sudden 
drop in fraction remaining was observed due to the selective flotation of pyrite until the 
penultimate sulfide flotation stage followed by a gradual decrease till the end. 
 
Figure 5.13 Demonstration of relationship between cumulative time versus fraction 
remaining (log scale) for Au, TCM and pyrite phases in a Cortez ore flotation process 
(JKMTC-T7) 
 143 
10
100
0 2 4 6 8 10 12 14 16 18 20 22 24
F
ra
c
ti
o
n
 r
e
m
a
in
in
g
 (
%
)
Time (min)
JKMRC-T9
Au TCM Pyrite
 
Figure 5.14 Demonstration of relationship between cumulative time versus fraction 
remaining (log scale) for Au, TCM and pyrite phases in a Cortez ore flotation process 
(JKMTC-T9) 
The results of fraction remaining versus cumulative time for the Barrick flotation test is shown 
for comparison in  
Figure 5.15. The plot for Au followed a kinetic behaviour with two different (slow and fast 
floating) values of the rate constant. TCM trend showed three different values of the rate 
constant. The fraction remaining for pyrite gradually decreased until the 9th minute (first stage 
of sulfide flotation) followed by a sudden drop until the end of sulfide flotation stage (15th 
minute).   
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Figure 5.15 Demonstration of relationship between cumulative time versus fraction 
remaining (log scale) for Au, TCM and pyrite phases in a Cortez ore flotation process 
(Barrick) 
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The ultimate values of fraction remaining pyrite and TCM are the same for Barrick and 
JKMRC-T7 although they followed different trends. Extrapolation of values for pyrite indicated 
that still some further amount of pyrite could be floated by extending the flotation time for 
JKMRC-T7 compared to Barrick. 
Selectivity plots of TCM and pyrite for JKMRC-T7 and Barrick tests are presented in Figure 
5.16  which shows that the recovery of pyrite in TCM concentrate followed the same path as 
the recovery of NSG with TCM concentrate. Also, the recovery of TCM vs. pyrite in the sulfides 
stage exactly followed the same trend as the recovery of pyrite vs. NSG ( Figure 5.17 ) this 
indicates that entrainment is the potential mechanism for misplacement. Comparative results 
for JKMRC-T7 and Barrick indicated an almost similar trend for recovery of NSG and pyrite in 
TCM concentrate. The recovery of TCM and NSG in the sulfides flotation stage showed a 
different behavior from second stage of sulfide flotation (Figure 5.18 & Figure 5.19 ) 
 
 
Figure 5.16 Demonstration of selectivity of TCM and pyrite for JKMRC-T7 
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Figure 5.17 Demonstration of selectivity of TCM and pyrite for JKMRC-T7 
 
 
Figure 5.18 Demonstration of selectivity of TCM and pyrite for Barrick 
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Figure 5.19 Demonstration of selectivity of TCM and pyrite for Barrick 
 
Grade versus recovery curves for Au is presented in  Figure 5.20 which shows the final grade 
and recovery of the concentrate is almost similar for both tests (JKMRC-T7-64.49% and 
Barrick-65.21) although they differ during the first three stages of TCM flotation. This could be 
possibly due to the elemental deportment of gold in the feed to flotation which will be discussed 
in Chapter 6. 
 
Figure 5.20 Comparison of grade versus recovery curves (Au) for JKMRC-T7 and 
Barrick flotation tests. 
 147 
 
Comparative analysis of the grade versus recovery curves of TCM for the JKMRC-T7 and 
Barrick flotation tests indicated similar ultimate grade and recoveries, although both the curves 
followed a different path. The results are presented in Figure 5.21. One potential explanation 
for this behavior is due to the enhanced hydrophobicity of TCM particles in Barrick feed due 
to higher TCM grades compared to the JKMRC-7 flotation feed.  
 
Figure 5.21 Comparison of Grade versus recovery curves (TCM) for JKMRC-T7 and 
Barrick flotation tests. 
 
Sulfide grade versus recovery curves for JKMRC-T7 and Barrick flotation tests are shown in 
Figure 5.22. During TCM flotation stages the recovery and grade of sulfide followed the 
different trend, however, during the sulfides flotation stage JKMRC-T7 test developed slightly 
lower sulfur grades compared to Barrick.  
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Figure 5.22 comparison of Grade versus recovery curves (S) for JKMRC-T7 and 
Barrick flotation tests. 
 
5.3 Flotation of Cortez without activation of pyrite 
 
Flotation test work was also carried out without activation of pyrite with copper sulfate in the 
sulfides flotation stage to investigate the effect of aeration and surface activation of pyrite by 
dissolved CO2 and O2 gases in the flotation pulp. Solubilization of oxygen and carbon dioxide 
could activate the pyrite surface by two means (Mermillod-Blondin et al. 2005): 
-Ferrous iron oxidation to ferric hydroxides and oxy-hydroxides  
-Precipitation of hydrophilic carbonate coatings on pyrite surface by dissolved carbon 
dioxide  
It should be noted that Mermillod-Blondin et al., carried the test work on pure pyrite minerals. 
In the test work on Cortez ore described in this section, the primary objective was to investigate 
whether the pyrite in the ore follows a similar trend if it does it would have huge cost savings 
associated with copper sulfate. The time versus recovery curves for pyrite indicated that final 
sulfides recovery for the JKMRC-T7 and JKMRC-T8 are same. However, the kinetics of 
JKMRC-T8 are higher during the first stage of sulfides flotation and later followed a similar 
trend as JKMRC-T7.  The results are presented in Figure 5.23. Also, presented are the results 
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of Barrick flotation test for comparison.  The reason for this behavior might be due to high 
collector adsorption on already activated pyrite surfaces by the phenomenon mentioned by 
Mermillod-Blondin et al. which facilitated the attachment of pyrite particles to air bubbles 
readily due to higher pyrite particle hydrophilicities. 
The results of the distribution of sulfide in different concentrate streams of flotation are 
presented in Figure 5.24. What the distribution pyrite in sulfides concentrate for JKMRC-T8 is 
slightly lower (55.5%) than that in JKMRC-T7 test (58.8%). The loss of sulfide in tailings is 
almost similar for JKMRC-T7 and JKMRC-T8 (16.8% and 16.4% respectively).  
 
Figure 5.23 Comparison of time versus recovery curves of sulfide for different 
conditions (JKMRC-T7, JKMRC-T8) and Barrick flotation test 
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Figure 5.24 Comparison of  pyrite distribution in different streams of flotation 
 
Comparative selectivity plots for flotation performance with and without activation in the 
sulfides stage is presented in Figure 5.25 & Figure 5.26. It should be noted that few data points 
for JKMRC-T8 indicate some of the timed concentrates in TCM stage were combined for 
assays as mentioned in Table 5.4.  
Table 5.4 Table showing flotation test results of Cortez ore without  copper sulfate 
activation of pyrite in sulfides stage 
STAGE
(g) (%) Dist. (g/t) % Dist. (%) % Dist. (%) % Dist.
TCM Conc (1+2+3) 71.75 14.50 21.60 23.46 3.61 39.78 0.60 13.04
TCM Conc (4+5) 55.50 11.22 17.30 14.54 1.95 16.62 0.61 10.25
TCM Conc (6+7) 28.50 5.76 14.90 6.43 1.12 4.90 0.56 4.83
Py Conc 1 19.25 3.89 25.30 7.37 0.88 2.60 7.97 46.46
Py Conc 2 14.25 2.88 23.60 5.09 1.02 2.23 1.19 5.14
Py Conc 3 20.25 4.09 19.35 5.93 1.03 3.20 0.63 3.86
Tails 285.25 57.66 8.61 37.18 0.70 30.66 0.19 16.41
Cal. Head 494.75 100.00 13.35 100.00 1.32 100.00 0.67 100.00
CUMULATIVE
(g) (%) Dist. (g/t) % Dist. (%) % Dist. (%) % Dist.
TCM Conc 1-3 71.75 14.50 21.60 23.46 3.61 39.78 0.60 13.04
TCM Conc 1 - 5 127.25 25.72 19.72 38.00 2.89 56.40 0.60 23.29
TCM Conc 1 - 7 155.75 31.48 18.84 44.42 2.56 61.30 0.60 28.12
Py Conc 1 19.25 3.89 25.30 7.37 0.88 2.60 7.97 46.46
Py Conc 1-2 33.50 6.77 24.58 12.46 0.94 4.83 5.09 51.60
Py Conc 1-3 53.75 10.86 22.61 18.40 0.97 8.04 3.41 55.46
TCM Float Tails 339.00 68.52 10.83 55.58 0.74 38.70 0.70 71.88
Solids Au TCM (Corg) S tot
JKMRC-T8 without CuSO4 activation
DRY Weights Au TCM (Corg) S tot
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Figure 5.25 Comparative flotation selectivity plots showing the effect with and without 
activation of pyrite 
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Figure 5.26 Comparative flotation selectivity plots showing the effect with and without 
activation of pyrite 
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The test results indicate significantly high recoveries of pyrite for JKMRC-T8 (46.5%) 
compared to JKMRC-T7 (18.03%) in the first stage of sulfide flotation. However, there is no 
significant difference in Au recoveries as well as ultimate recoveries of pyrite for the sulfide 
flotation stage. The ultimate gold recoveries in sulfide stage are higher for JKMRC-T7 
(24.15%) compared to JKMRC-T8 (18.40). Although it appears that there is a significant 
improvement in pyrite recovery in sulfide flotation stage, there is only a negligible improvement 
in gold recovery. The rational reason could be attributed to surface activation of ultra fine pyrite 
(due to the high surface area) which contains low gold concentration compared to aggregates 
of disseminated or microcrystalline pyrite grains. For the gold concentration in different types 
of pyrite, please refer to dynamic SIMS data presented in Chapter 4 (Ore characterization). 
The ultimate recoveries for gold in the TCM stage are the same. Also, from  Figure 5.27 the 
gold grade values are lower for JKMRC-T8 compared with JKMRC-T7 
 
 
Figure 5.27 Comparative flotation selectivity plots (Au grade vs. Au recovery) for 
JKMRC-T7, JKMRC-T8, and Barrick 
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The plot of grade versus recovery curves of pyrite for JKMRC-T7, JKMRC-T8, and Barrick is 
presented in Figure 5.28. Comparative analysis of pyrite grade and recovery for JKMRC-T7 
and Barrick indicated high grade and recovery of sulfides for JKMRC-T7 in first and second 
stage of sulfide flotation (0.93% sulfide grade and 42.52% sulfide recovery in the first stage, 
1.43% sulfide grade and 75.13% sulfide recovery in the second stage for JKMRC-T7 
compared to 0.72% sulfide grade and 25.10% sulfide recovery in first stage, 1.22% sulfide 
grade and 51.90% sulfide recovery in second stage for Barrick). The increase in recovery of 
sulfide from stage-2 to stage-3 is significantly higher for Barrick (~32%) compared to JKMRC-
T7(~8%). The reason could be attributed to fast floating pyrite grains (  
Figure 5.15 ).  Comparative analysis of sulfur grade and recoveries for JKMRC-T7 and 
JKMRC-T8 indicated a significant difference in grade and recovery in the first stage relative to 
the other stages of sulfide flotation.  
 
 
 
Figure 5.28 Comparative flotation grade versus recovery plots of pyrite for JKMRC-T7, 
JKMRC-T8, and Barrick 
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Line diagram demonstrating the relationship between cumulative time versus cumulative Au 
recovery for JKMRC-T7, JKMRC-T8 and Barrick flotation tests are exhibited in Figure 5.29. 
From the figure, the recovery of Au for JKMRC-T7 and JKMRC-T8 gradually increased from 
the beginning of the TCM flotation until the penultimate sulfide flotation stage where the values 
reached almost similar, while the Au recovery values for JKMRC-T8 being slightly higher 
before reaching almost similar values at the second stage of sulfide flotation. No significant 
difference between the Au recovery values is observed from penultimate sulfide flotation stage 
till the end for both JKMRC-T7 and JKMRC-T8. Also, presented in the same graph is Au 
recovery versus time values for Barrick flotation test for comparison, which shows higher Au 
recovery in the first stage of sulfide compared to JKMRC-T7 possibly due to the difference in 
flotation feed gold deportment.  
The TCM recovery versus time curves for JKMRC-T7 and JKMRC-T8 are illustrated in Figure 
5.30, which shows the TCM recovery versus time plots followed almost the same path from 
the beginning of TCM flotation till the end of sulfides flotation stage. For Barrick, the TCM 
versus time recovery followed a different trend compared to JKMRC-T7 and JKMRC-T8. 
However, the ultimate TCM recovery values are approximately the same possibly due to the 
overall shorter flotation time for Barrick. 
 
Figure 5.29 Time versus Au recovery curves for JKMRC-T7, JKMRC-T8 and Barrick 
flotation tests. 
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Figure 5.30 Time versus TCM recovery curves for JKMRC-T7, JKMRC-T8, and Barrick 
flotation tests. 
 
 
5.4 Summary 
 
This section of the thesis presented the details of experimental flotation test work undertaken. 
The major observations from the experimental flotation work are summarized below. 
The flotation methodology employed was sequential flotation of TCM using diesel oil as 
collector and DF-250 as frother followed by activation and flotation of sulfides using copper 
sulfate and potassium amyl xanthate (PAX). 
Test results (JKMRC-T7) indicated overall recovery of 64.5% Au with 21.8g/t Au grade. 
Recoveries of TCM and Total Sulfur reached 70.7% and 83.2% respectively. The gold 
distribution in the sulfides concentrate, and the TCM concentrate was 24.3% and 40.3% 
respectively. 
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The tailings contain 35.5% of the total gold and 29.3% of the total TCM fed to flotation. The 
proportion of the TCM recovered to the sulfides concentrate is low (9.3%) compared to The 
proportion of the sulfides recovered in the TCM concentrate (24.5%). 
Replicate tests (JKMRC-T7 & JKMRC-T9) indicated the values of calculated recoveries of Au, 
TCM and pyrite are similar which shows the tests are reproducible. 
The overall gold recovery is similar for JKMRC and Barrick tests, but the recovery split 
between the TCM concentrate and the Sulfides concentrate is different, and this will be 
investigated further using the results of the MLA, gold deportment, and TOF-SIMS analyses. 
The effect of direct flotation of pyrite without copper sulfate activation was examined (JKMRC-
T8), and the results are compared with JKMRC-T7 (with copper sulfate addition). Test results 
indicated a significant improvement in the recovery and kinetics of sulfide was noted during 
the end of the first stage of sulfides flotation. However, the final recoveries of sulfide are almost 
of similar value. Although it appears that there is a significant improvement in pyrite recovery 
in sulfide flotation stage, there is only a negligible improvement in gold recovery. 
Further analysis of the flotation products (TCM concentrate, sulfide concentrate, and tailings) 
is required to understand the reasons for the flotation behavior of precious metal values. The 
details of these analysis using chemical and mineralogical characterization, gold deportment 
studies, surface analysis using ToF-SIMS and XPS will be presented in next chapter of the 
thesis. 
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Chapter 6 Flotation products characterization 
6.1 Particle size distribution of flotation products 
The particle size distribution of the combined TCM concentrates, combined sulfide 
concentrates and tailings are exhibited in Figure 6.1 which shows that the P80 of the TCM 
concentrate (38μm) is finer than sulfide concentrate (59 μm), tailings (120 μm) and feed (75 
μm).  
 
Figure 6.1 Particle size distribution of combined TCM concentrates, sulfide 
concentrates and tailings of Cortez double refractory ore flotation 
 
6.2 Size by size chemical assays 
Size fractions of the flotation products were dispatched to Australian Laboratory Services 
(ALS), Brisbane to analyze gold, organic carbon, total sulfur and total carbon (C). The results 
are presented in Figure 6.2 to Figure 6.7. The grade of gold in the TCM concentrate gradually 
increased from the coarsest fraction (11.35 g/t) to the finest fraction (23.20 g/t) as shown in 
Figure 6.2. The grade of TCM decreased from the coarser fraction (2.73%) to finer fraction 
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(1.32%) until C5 size fraction and then increased its value in the –C5 size fraction (3.28%). 
Approximately 56.92% of Au, 58.48% TCM, and 37.89% total sulfur was distributed in the –
C5 size fraction, as shown in Figure 6.3.  The grade of gold in the sulfide concentrate remained 
constant in all size fractions at an average value of 21.58 ppm except in C1+C2 faction (26.50 
ppm) as shown in Figure 6.4. The grade of TCM decreased from the coarser fraction (1.92%) 
to finer fraction (0.40%). The distribution of Au in sulfide concentrate decreased from the 
coarser fraction (11.40%) to the finer fraction (4.15%) and then increased to (35.70%) in the 
–C5 fraction as shown in Figure 6.5. Also, the distribution of TCM is more in the coarser 
fraction (+38 μm) compared to the fine fractions (-38+C5 μm). The distribution of sulfur in 
sulfide concentrate decreased from coarser fraction (26.73%) to finer fraction (1.74%). 
 
Figure 6.2 Showing grade of Au, TCM, C and Total S in size fractions of flotation TCM 
concentrate 
 
Figure 6.3 Showing distribution of Au, TCM, C and Total S in size fractions of flotation 
TCM concentrate 
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Figure 6.4 Showing grade of Au, TCM, C and Total S in size fractions of flotation 
Sulfide concentrate 
 
Figure 6.5 Showing distribution of Au, TCM, C and Total S in size fractions of flotation 
Sulfide concentrate 
 
The grade of gold in the tailings in +150 μm fraction to C4 fraction ranged from 5.56 ppm to 
7.28 ppm and increased its value slightly in a C5 fraction as shown in Figure 6.6. The grade 
of TCM decreased from the coarser fraction (1.38%) to finer fraction (0.13%). The distribution 
of Au in tailings increased from 150 μm (4.63%) until 75 μm (18.62%) and then decreased its 
value to (3.49%) in a C5 fraction. Gold distribution in the –C5 fraction is relatively high 
(24.55%). Sulfide distribution followed a decreasing trend from coarser fraction (11.20%) to 
finer fraction C5 (1.10%) and then increased its value in –C5 fraction (8.35%) as shown in 
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Figure 6.7. For the complete mass balance of TCM, Sulfides, tailings and reconstituted feed 
refer to Appendix 3 to Appendix 6. 
 
Figure 6.6 Showing grade of Au, TCM, Cinorg and Total S in size fractions of flotation 
tailings 
 
Figure 6.7 Showing distribution of Au, TCM, Cinorg and Total S in size fractions of 
flotation tailings 
 
6.3 Recovery of various minerals by size 
The recovery of various phases that are present in TCM concentrate versus the geometric 
mean of particle size distribution is exhibited in Figure 6.8. The recovery of TCM started to 
decrease above 45 µm. While below 45 µm the recovery of TCM increased with decreasing 
particle size and reached a maximum value of 91.03% at the 3 µm size. The recovery of pyrite 
started to decrease significantly above 45 µm. The recovery pyrite started to increase below 
45 µm and reached the maximum value of 55.25% at the 12 µm size. There seems to be a 
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decrease in the recovery of pyrite below 12 µm. The recovery of inorganic carbon decreased 
with increasing particle size above 45 µm. While for fractions below 45 µm the recovery of 
inorganic carbon started to increase and reached a peak value of 53.75% at the 3 µm size. 
The recovery of Au began to decrease above 45 µm. While below 45 µm the recovery 
increased with decreasing particle size and reached a maximum value of 57.15% at the 3 µm 
size. The inorganic carbon (Cinorg) represents the recovery of carbonate mineral which 
represents the non-floating gangue minerals and aids in measuring entrainment. It should be 
noted that the recovery of pyrite in the particle size range (<23 µm) followed the same trend 
as inorganic carbon indicating that pyrite is recovered in the TCM concentrate predominantly 
through entrainment. 
 
Figure 6.8 Particle size (Geometric mean) versus recovery of various phases (Au, S, 
Pyrite, Cinorg and Corg) in TCM concentrate 
 
The recovery of various mineral phases as a function of the geometric mean particle size in 
sulfide concentrate is presented in Figure 6.9. The recovery of pyrite reached a maximum 
value of 78.66% at 63 µm particle size. While the recovery above 63 µm particle size 
decreased drastically with increasing particle size and reached a minimum value of 26% at 
178 µm. Below 63 µm the recovery of pyrite gradually decreased with decreasing particle size 
and reached a minimum value of 28.02% at 3 µm. The recovery of TCM decreased with 
increasing particle size above 63µm and reached a minimum value of 2.31% at 178 µm. 
Recovery of TCM reached a maximum value of 22.46% at 63µm. Below 63µm the recovery 
of TCM started to drop with decreasing particle size. The recovery of Au is constant in 3-12µm 
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and started to increase until 33 µm and there after decreased gradually with increasing particle 
size to reach a minimum value of 6.15% at the 178µm size. Gold recovery reached a maximum 
value of 32.25% at the 33 µm size. The recovery of inorganic carbon (Cinorg) in sulfide 
concentrate remained almost constant from 3-45µm size range and then decreased with 
increasing particle size. The constant recovery of inorganic carbon in the particle size below 
70 µm represents its recovery through entrainment. 
 
 
Figure 6.9 Particle size (Geometric mean) versus the recovery of various phases (Au, 
S, Pyrite, Cinorg, and Corg) in Sulfide concentrate. 
 
Schematic showing the recovery (or in reality loss) of various mineral phases to tailings versus 
a geometric mean of particle size is presented in Figure 6.10. Ultra-fine TCM (3-23 µm) fraction 
is significantly low compared to fine or coarse TCM particles (23-178µm. The recovery of pyrite 
increased with decreasing particle size for fractions below 10µm while for fractions ranging 
10-33 µm the recovery was significantly low and remained almost constant. Recovery of pyrite 
started to increase with increasing particle size above 33 µm. The recovery of inorganic carbon 
remained constant in the fractions 3-10 µm. Above, 10 µm the recovery of inorganic carbon 
showed an increasing trend with increasing particle size. The recovery of gold showed an 
increasing trend in the particle size range 3-12 µm and then dropped moderately in 12-16 µm. 
From 16 µm the recovery of Au started to increase significantly with increasing particle size. 
Analysis of various mineral phases in tailings using optical microscopy, MLA, ToF-SIMS and 
XPS will provide insights on their loss to tailings 
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Figure 6.10 Particle size (Geometric mean) versus recovery of various phases (Au, S, 
Pyrite, Cinorg, and Corg) in Tailings 
 
6.4 Non-sulfide gangue and water recovery 
 
Non-sulfide gangue (NSG) is calculated by subtracting mass of pyrite, TCM and Au from the 
total mass of solids. The recovery of non-sulfide gangue (NSG) versus particle size in TCM, 
sulfide, and tailings is plotted in Figure 6.11. The recovery of NSG in TCM concentrate is high 
in the fraction 3-12µm. Above 12µm the recovery of NSG gradually decreases with increasing 
particle size. For coarse fractions above 126µm, the recovery of NSG in TCM concentrate is 
less than 3%. The recovery of NSG in the sulfide concentrate remained almost constant in 
size fractions 3-23µm while the recovery gradually decreased with increasing particle size 
above 23µm. In the size fractions 3-12µm, the comparative analysis indicated the recovery of 
NSG in TCM concentrate is significantly higher than in sulfide concentrate. Above 12µm, the 
recovery of NSG in TCM concentrate started to gradually decrease while the recovery of NSG 
in sulfide concentrate remained almost constant. For size fractions above 63µm, the recovery 
of NSG in TCM concentrate followed the same path as sulfide concentrate. 
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Figure 6.11 Recovery versus particle size graph for NSG in TCM, sulfide, and tailings 
 
The recovery of total solids and NSG as a function of water mass recovered in the TCM 
concentrate is presented in Figure 6.12. The mass of total solids and NSG showed an 
increasing trend with increasing water weight. 
 
Figure 6.12 Cumulative solids (total solids & NSG)  versus cumulative water plots for 
TCM concentrate 
The recovery of pyrite and TCM versus water weight is plotted in Figure 6.13. It should be 
noted that each point on the graph corresponds to respective TCM concentrate, starting from 
the left-hand side and moving towards the right-hand side (TCM1, TCM2, TCM3, TCM4, TCM5 
and TCM (6+7)). The mass of TCM gradually increased with increasing water weight until 
TCM5 concentrate/10 minutes of flotation time and then showed no significant difference until 
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the end of TCM flotation stage. The mass of pyrite in TCM concentrate also showed an 
increasing trend with increasing water weight but the overall mass recovery was much lower 
than that of the floating TCM.  
 
Figure 6.13 Mass of solids (Pyrite & TCM) versus mass of water for TCM concentrate 
The recovery of total solids and NSG concerning water mass for sulfide concentrate is shown 
in Figure 6.14. The mass of total solids and NSG showed an increasing trend with increasing 
water weight. The recovery of water in combined TCM concentrate is high compared to 
combined sulfide concentrate. 
 
Figure 6.14 Cumulative solids (total solids & NSG)  versus cumulative water plots for 
Sulfide concentrate 
The mass of pyrite and TCM versus water weight for sulfide concentrate is exhibited in Figure 
6.15. It should be noted that each point on the graph corresponds to respective sulfide/pyrite 
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concentrate, starting from the left-hand side and moving towards the right-hand side (py1, py2, 
and py3). The mass of pyrite gradually increased with increasing water weight until py2 and 
then flattened out while the mass of TCM in sulfide concentrate gradually increased with 
increasing water weight until the end of sulfide flotation stage but the overall mass recovery of 
TCM is less than the floating pyrite. 
 
Figure 6.15 Mass of solids (Pyrite & TCM) versus mass of water for sulfide 
concentrate 
 
6.4 MLA analysis of flotation products 
 
6.4.1 MLA analysis of TCM concentrate (size by size) 
 
Modal mineralogy of combined TCM concentrate (sized and combined) is presented in Figure 
6.16. Dolomite is the major mineral phase (mean value of 63.19%) present in all the sized 
TCM fractions. The mass percent of dolomite decreased slightly from coarse fractions to fine 
fractions. Quartz and calcite are identified as the moderate mineral phase (mean value of 
15.70%). The mass% of quartz gradually increased from C5 fraction until 53µm and after that 
reduced slightly in 75 µm fraction. The mass% of calcite (average value 5.56%) gradually 
increased from coarse fraction to C4 fraction and then decreases its value slightly in a C5 
fraction. Pyrite and organic carbon are the minor mineral phases identified. The mass percent 
of pyrite (mean value 1.14%) gradually increased from coarse fraction until C2 fraction and 
then subsequently decreased with decreasing size until C4 fraction. Organic carbon showed 
an increasing value of mass percent with decreasing size having a mean value of 2.10%. Data 
is presented in Appendix 7. 
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
0 200 400 600 800 1000 1200
C
u
m
u
la
ti
ve
 s
o
lid
s 
(g
)
Cumulative water (g)
Sulfide con pyrite TCM
 167 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.16 Modal mineralogy of TCM concentrate (Sized fractions and combined) 
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Schematic showing particle liberation by free surface for different phases in the combined 
TCM concentrate is presented in Figure 6.17. From the figure, the gangue/NSG phases are 
highly liberated (85% in liberation class 95%<x<100%) whereas pyrite was poorly liberated 
(33% in liberation class 95%<x<100%).  
 
 
Figure 6.17 Mineral liberation by free surface for different phases in TCM concentrate 
 
The mineral locking data for pyrite phase in combined TCM concentrate is shown in Figure 
6.18. From the figure the values of liberated pyrite, pyrite locked with binary (mostly 
gangue/NSG-43.25%) and pyrite locked with ternary phases are 53.55%, 43.76%, and 2.68% 
respectively. 
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Figure 6.18 Mineral locking data for pyrite phase in combined  TCM concentrate 
The mineral locking data for gangue/NSG phase in combined TCM concentrate showed highly 
liberated gangue/NSG phases (92%). While the binary and ternary phases are 8% and 0.07% 
respectively, shown in Figure 6.19.  
 
 
Figure 6.19 Mineral locking data for gangue/NSG in combined TCM concentrate 
 
The grain size distribution data for pyrite and gangue phases in combined TCM concentrate 
is shown in Figure 6.20 & Figure 6.21. The values of P80 for pyrite and gangue are 30µm and 
53µm respectively. The high liberation and fine particle size of gangue is the reason for gangue 
recovery by entrainment.   
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Figure 6.20 Grain size distribution of pyrite phase in combined TCM fraction 
 
 
Figure 6.21 Grain size distribution of gangue phase in combined TCM concentrate 
 
6.4.2 MLA analysis of sulfide concentrate (sized and combined) 
 
Modal mineralogy of sulfide concentrate (sized and combined) is exhibited Figure 6.22. 
Dolomite is the major mineral phase (mean value of 57.62%) present in all the sized sulfide 
concentrate fractions. The mass percent of dolomite decreased slightly from coarse fractions 
to fine fractions until C4 and improved marginally (~2%) in a C5 fraction. Quartz and calcite 
are identified as the moderate mineral phase (mean value of 15.85%). The mass% of quartz 
gradually increased from coarser fraction until C3 fraction, and after that, the values slightly 
decreases with decreasing particle size. The mass% of calcite (average value 6.52%) 
gradually increased from coarse fraction to finer fraction. Pyrite and organic carbon are the 
minor mineral phases identified. The mass percent of pyrite (mean value 7.05%) decreased 
from coarser fraction to finer fraction. Organic carbon showed a mean value of 1.73%. Data is 
presented in Appendix 8. 
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Figure 6.22 Modal mineralogy of sized and combined  sulfide concentrate
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Schematic showing particle liberation by free surface for different phases in the combined 
sulfide concentrate is shown in Figure 6.23. From the figure, the gangue/NSG phases are 
highly liberated (82% in liberation class 95%<x<100%) whereas pyrite was poorly liberated 
(36% in liberation class 95%<x<100%).  
 
Figure 6.23 Mineral liberation by free surface for different phases in combined sulfide 
concentrate 
 
The mineral locking data for pyrite phase in combined sulfide concentrate is shown in Figure 
6.24. From the figure the values of liberated pyrite, pyrite locked with binary (mostly 
gangue/NSG-44.24%) and pyrite locked with ternary or greater phases are 54%, 44.87%, and 
0.98% respectively.  
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Figure 6.24 Pyrite locking with binary and ternary or greater phases in combined 
sulfide concentrate 
The mineral locking data for gangue/NSG phase in combined sulfide concentrate showed 
highly liberated gangue/NSG phases (90%). While the binary (associated with pyrite and TCM) 
and ternary phases are 9.75% and 0.14% respectively, shown in Figure 6.25.  
 
 
Figure 6.25 Gangue/NSG locking with binary and ternary or greater  phases in 
combined sulfide concentrate 
The grain size distribution data for pyrite and gangue phases in combined sulfide concentrate 
is shown in Figure 6.26 & Figure 6.27. The values of P80 for pyrite and gangue are 72 µm and 
65 µm respectively. The P80 of NSG is slightly coarser when compared with P80 of NSG in TCM 
concentrate (53 µm). High liberation of NSG in sulfide concentrate shows entrainment as 
potential recovery mechanism. 
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Figure 6.26 Pyrite grain size distribution for combined sulfide concentrate 
 
 
Figure 6.27 Gangue/NSG grain size distribution for combined sulfide concentrate 
 
6.4.3 MLA analysis of tailings (Sized and combined) 
 
Modal mineralogy of individual size fractions of tailings is shown in Figure 6.28. Dolomite is 
the major mineral phase (mean value of 52.35%) present in all the sized tailing fractions. The 
mass percent of dolomite decreased gradually from +150µm fraction (63.36%) to +38µm 
fraction (47.17%) and then remained almost constant until C5 fraction. Quartz and calcite are 
identified as the moderate mineral phase (mean value of 21.07% for quartz & 10.89% for 
calcite).  
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Figure 6.28 Modal mineralogy of individual size fractions of tailings
 176 
The mass% of quartz gradually increased from C5 fraction until +75µm fraction, and after that, 
the values slightly decreased with increasing particle size. The mass% of calcite gradually 
increased from +150µm (2.79%) fraction of a C3 fraction (18.54%) and after that decreased 
slightly (~1.5%) until c5 fraction. Pyrite and organic carbon are the minor mineral phases 
identified. The mass percent of pyrite (mean value 0.27%) decreased drastically from +150µm 
fraction (0.44%) to +75µm fraction (0.23%) and there after does not follow any trend until C5 
fraction. Organic carbon showed a mean value of 1.62%. Data is presented in  
Appendix 9.  
Schematic showing particle liberation by free surface for different phases in the tailings is 
presented in Figure 6.29. From the figure, the gangue/NSG phases are highly liberated (85% 
in liberation class 95%<x<100%) whereas pyrite was poorly liberated (10% in liberation class 
95%<x<100%).  
 
Figure 6.29 Mineral liberation by free surface for different phases in combined tailings 
 
The mineral locking data for pyrite phase in combined tailings is shown in Figure 6.30. From 
the figure the values of liberated pyrite, pyrite locked with binary (mostly gangue/NSG-81.91%) 
and pyrite locked with ternary or greater phases are 15%, 82.06%, and 3.32% respectively. 
The association of pyrite with gangue phases and poor liberation contributed to gold losses to 
tailings. The mineral liberation data for different phases in feed, combined TCM concentrate, 
sulfide concentrate and tailings is presented in Appendix 10 -19 
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Figure 6.30 Schematic showing liberated pyrite and pyrite locked with binary and 
ternary or greater phases in combined tailings 
 
The mineral locking data for gangue/NSG phase in combined tailings showed highly liberated 
gangue/NSG phases (95%). While the binary (associated with pyrite and TCM) and ternary 
phases are 4.76% and 0.02% respectively, shown in Figure 6.31. 
 
Figure 6.31 Schematic showing liberated pyrite and pyrite locked with binary and 
ternary or greater phases in combined tailings 
The grain size distribution data for pyrite and gangue phases in combined sulfide concentrate 
is shown in Figure 6.32 & Figure 6.33. The values of P80 for pyrite and gangue/NSG are 42µm 
and 105µm respectively 
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Figure 6.32 Pyrite grain size distribution in combined tailings 
 
 
Figure 6.33 Gangue/NSG grain size distribution in combined tailings 
 
 
6.5 Gold deportment studies on flotation tailings 
 
Approximately 750g of tailings sample was submitted to Integrated Process Mineralogy 
Solutions (IPMINS), Canada for general mineralogical examination of different phases, visible 
gold grains and distribution of invisible gold in different phases and quantitative gold 
deportment analysis. The objectives of the investigation were to determine the morphology of 
visible gold grains, distribution of invisible gold among sulfides, Fe-Oxides and TCM, and to 
identify and evaluate any mineralogical factors that may affect gold recoveries.  
A comprehensive mineralogical and analytical approach including fire assay, whole rock 
analysis (WRA), XRD, heavy liquid separation (HLS), super-panning (SP), ore microscopy, 
QEMSCAN and microprobe analysis were used in the current study. For gold deportment 
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studies secondary ion mass spectroscopy (SIMS) analysis were used in the current study; 
dynamic SIMS for quantification of invisible gold in sulfides, TCM and Fe-Oxides.  
Two polished sections from as-received tailings samples and eight polished sections from HLS 
float and super-panner fractions from HLS Sink were prepared from each sample and 
systematically scanned under optical and scanning electron microscope for visible gold and 
sulfides mineralogy, and SIMS analysis for concentration of invisible gold in sulfides, TCM and 
Fe-Oxides phases 
6.5.1 Chemical composition of tailings sample 
 
WRA and ICP scan of major and trace elements, S-2, S(total), C(org), C(total) and Au analysis 
of tailings sample were carried out, and the results are listed in Table 6.1 to Table 6.3 
Table 6.1 Whole-rock analysis of the tailings sample 
 
 
Table 6.2 Gold, Sulfur and Carbon analysis of tailings sample 
 
 
Table 6.3 Trace element analysis of tailings sample 
 
 
6.5.2 Optical Microscopy - Sulfide mineralogy 
 
Tailings sample was mainly composed of dolomite with moderate amounts of quartz and 
calcite; minor amounts of mica, feldspar; and trace amounts of carbonaceous matters (TCM) 
and pyrite (Figure 6.34 to Figure 6.43). A few grains of others sulfides (chalcopyrite, 
sphalerite, arsenopyrite, galena, chalcocite, and covellite), Ca-sulfates and rutile were noted. 
Pyrite grains, in general, were medium to fine-grained (1μm to 50μm) and locked in 
dolomite/calcite/silicates (Figure 6.34 to Figure 6.37). Some coarse-grained (50μm to 100μm) 
irregular elongated to rectangular pyrite grains were also noted. Morphologically, most of the 
Sample ID SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO Cr2O3 BaO LOI
Tails 30.8 4.37 1.17 10.88 21.81 0.01 1.14 0.23 0.05 0.06 0.08 <0.01 29.1
Wt(%)
g/t
Sample ID Au S-2  C(org) S(t) C(t)
Tails 7.05 0.15 0.5 0.17 8.54
Wt%
Sample ID Ag As Cu Pb Zn Mo Ni
Tailings 0.5 293 180 6 58 33.5 255
ppm
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pyrite grains were fine-grained pyrite and aggregates of porous disseminated/microcrystalline 
as shown in Figure 6.34 to  
Figure 6.36 and Figure 6.38. A few arsenian disseminated/microcrystalline pyrite grains were 
also observed as the examples in Figure 6.39 & Figure 6.40 show. Carbonaceous matter 
(TCM) mostly occurred as fine disseminated grains within carbonates/silicates and examples 
of the TCM deportment can be seen in  Figure 6.34 to  
Figure 6.36, Figure 6.41 and Figure 6.42. A few composite TCM-pyrite locked in 
carbonates/silicates (Figure 6.41 to Figure 6.43) were also noted. 
 
Figure 6.34 Photomicrograph of tailing sample showing Liberated carbonate (Car), 
Silicates(Si), Carbonates(Car*) with locked TCM (Yellow circle) and Pyrite (Red arrow) 
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Figure 6.35 Photomicrograph of tailing sample showing Liberated carbonate (Car), 
Silicates(Si), Pyrite (Pink arrow) Carbonates(Car*) with locked TCM (Yellow circle) and 
Pyrite (Red arrow) 
 
Figure 6.36 Photomicrograph of tailing sample showing Liberated carbonate (Car), 
Silicates(Si), Carbonates(Car*) with locked Pyrite (Red arrow) and TCM (Yellow circle) 
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Figure 6.37 Photomicrograph of tailing sample showing Liberated Goethite (Goe), 
Carbonates (Car), Silicates(Si), and inclusions of pyrite (red arrow) within Carbonates 
(Car*) 
 
 
Figure 6.38 Photomicrograph of SP tip fraction from tailings sample showing liberated 
micro-crystalline pyrite aggregates (Pya) and fine Pyrite (Pink arrow) 
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Figure 6.39 Photomicrograph of tailing sample showing Pyrite aggregates(Pya)-
Arsenian pyrite (As-Py) 
 
 
 
Figure 6.40  Photomicrograph of tailing sample showing bands of Arsenian pyrite (As-
Py) with in Pyrite aggregates(Pya) 
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Figure 6.41 Photomicrograph of tails sample showing Disseminated TCM (yellow 
arrow) and pyrite (red arrow) locked in carbonates (Car*) 
 
 
Figure 6.42 Photomicrograph of tails sample showing TCM (TCM*) locked within 
carbonates (Car*) 
 
 
Figure 6.43 Photomicrograph of tails sample showing Disseminated TCM (yellow 
arrow) with pyrite (red arrow) locked in carbonates (Car*) 
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6.5.3 Optical Microscopy - Visible Gold 
 
Thirty-seven gold grains were observed and measured with an optical microscope and MLA 
Gold Scan in the Tails sample. Most of the observed gold grains were fine-grained (<5μm) 
native gold and occurred as inclusions mainly in pyrite and goethite with average grain size 
range 1μm to 3μm Table 6.4. Summary of visible gold grains is presented in Table 6.5 and 
photomicrographs in Figure 6.45 to Figure 6.50. 
Table 6.4 Grain size ( geometric mean) and association of visible gold grains in Tails 
sample 
 
No Length (µm) Width (µm) Area (µm
2)Grain Size (µm) Association Gold Mineral
1 20 9 180 13
2 15 10 150 12
3 5 2 10 3
4 4 2 8 3
5 2 2 4 2
6 3 2 6 2
7 13 5 65 8
8 4 2 8 3
9 3 2 6 2
10 2 2 4 2
11 2 2 4 2
12 2 1 2 1
13 2 2 4 2
14 1 1 1 1
15 1 1 1 1
16 2 1 2 1
17 3 1 3 2
18 2 1 2 1
19 1 1 1 1
20 4 2 8 3
21 2 2 4 2
22 1 1 1 1
23 1 1 1 1
24 2 1 2 1
25 2 2 4 2
26 1 1 1 1
27 2 2 4 2
28 3 2 6 2
29 2 1 2 1
30 1 1 1 1
31 1 1 1 1
32 2 2 4 2
33 1 1 1 1
34 3 2 6 2
35 1 1 1 1
36 4 3 12 3
37 2 2 4 2
Liberated
Attached to 
Goethite/Carbonate
Locked in Goethite
Locked in 
Carbonates/Silicates
Locked in pyrite
Native Gold
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Table 6.5 Summary of Visible Gold Grains in tails sample 
 
 
The proportion of gold in various mineral phases is presented in Figure 6.44 which shows that 
majority of Au (68.7%) is present in liberated form while the reaming locked in carbonates 
(28%), attached to goethite/carbonates (16.4%), locked in goethite (6.8%) and locked in pyrite 
(5.3%) 
 
Figure 6.44 Gold proportion in various phases in tailing sample 
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Figure 6.45 Photomicrograph of tails sample showing liberated Native Gold (Au) 
Figure 6.46 Photomicrograph of tails sample showing liberated Native Gold (Au) 
(number 13 in the above figure) 
Figure 6.47 Photomicrograph of tails sample showing Gold grain (Au) attached to 
carbonate (Car) – goethite (Goe) (number 14 in the above figure) 
Figure 6.48 Photomicrograph of tails sample showing Gold inclusion (red arrow) within 
goethite (Goe) (number 15 in the above figure) 
Figure 6.49 Photomicrograph of tails sample showing Gold inclusion (red arrow) within 
pyrite (Py) (number 16 in the above figure) 
Figure 6.50  Photomicrograph of tails sample showing Gold inclusions (red arrow) 
within carbonate (Car) –silicates (Si) (number 17 in the above figure) 
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6.5.4 MLA Gold Scan 
 
High spatial resolution gold scans for discrete Au and Ag phases was carried out using the MLA Gold 
Search Program. The compositional analysis data of some gold bearing phases is presented in Table 
6.6  and BSE images in Figure 6.51 to Figure 6.56. The data indicated that all these gold-bearing 
grains were native gold. 
 
 
 
Table 6.6 SEM-EDS composition of Gold phases in tails sample 
Sample ID Grain # Composition (wt%) Gold Mineral 
    Au Ag Te   
Tails 
1 100.0     
Native Gold 
2 91.6 8.4   
3 100.0     
4 100.0     
5 89.4 10.6   
6 100.0     
7 100.0     
8 100.0     
9 93.8 6.2   
10 100.0     
11 100.0     
12 87.2 12.8   
13 100.0     
14 100.0     
15 100.0     
16 100.0     
17 81.0 19   
18 100.0     
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Figure 6.51 BSE images of Gold grains from tails sample showing Liberated Native Gold 
Grain (Au) (number 18 in the above figure) 
Figure 6.52 BSE images of Gold grains from tails sample showing Native Gold Grains 
(red circle) locked in composite carbonate (Car)-goethite (Goe) (number 19 in the above 
figure) 
Figure 6.53 BSE images of Gold grains from tails sample showing Native Gold grains 
(red circle) attached/locked in goethite (Goe) (number 20 in the above figure) 
Figure 6.54 BSE images of Gold grains from tails sample showing Native Gold grain 
(red circle) locked in pyrite (Py) (number 21 in the above figure) 
Figure 6.55 BSE images of Gold grains from tails sample showing Native Gold grains 
(red circle) locked in goethite (Goe) (number 22 in the above figure) 
Figure 6.56 BSE images of Gold grains from tails sample showing Native Gold grains 
(red circle) locked in goethite (Goe) (number 23 in the above figure) 
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6.5.5 QEMSCAN Modal & Liberation study (Bulk tailings Sample) 
 
QEMSCAN Bulk Mineral Analysis (BMA) and Particle Mineral Analysis (PMA) are two-
dimensional mineral mapping analysis aimed at resolving modal, liberation and locking 
characteristics of a set of particles. This mineral abundances and liberation analysis were 
carried out using both BMA and PMA measurements for this tailings sample. A pre-defined 
number of particles are mapped at a point spacing selected to spatially resolve and describe 
mineral textures and associations.  
 
Dolomite was the main mineral phase in this Tails sample which is expected based on the 
flotation feed mineralogy. Moderate to minor amounts of quartz, mica, and calcite were also 
noted ( Figure 6.57 and Table 6.7 ) 
 
 
 
Figure 6.57 Schematic showing modal mineralogy of tails sample 
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Table 6.7 QEMSCAN Mineral abundances data (wt.%) in Tails 
Mineral Wt% 
Copper Sulfides*1 0.00 
Sphalerite 0.01 
Pyrite 0.30 
Arsenopyrite 0.00 
As-Sulfide (Realgar) 0.00 
Iron Oxides*2 0.77 
Quartz 26.30 
Dolomite 49.40 
Calcite 11.80 
Muscovite*3 8.20 
K-Feldspars 0.98 
Kaolinite/Pyrophillite 0.57 
Sphene/Rutile 0.38 
Apatite 0.18 
Zircon 0.05 
Alunite 0.00 
Organic Carbon 0.50 
Others*4 0.47 
Total 100.00 
 
*1 Including traces of chalcopyrite, enargite/tennantite, and covellite/chalcocite 
*2 Including Goethite with traces of hematite, magnetite and steel/iron 
*3 Including muscovite with traces of biotite, chlorite, and talc 
*4 Including Ca-sulfate (anhydrite/gypsum) with traces of jarosite and Ce-phosphate 
 
Key chemical assay data from this composite sample have been compared with that of 
QEMSCAN mineralogical assays, and the data was presented in Table 6.8. The values are 
fairly comparable 
Table 6.8 Assay reconciliation –QEMSCAN vs. Chemical Assay (Wt%) 
 
Element Method Wt%
QEMSCAN 1.90
Chemical 2.31
QEMSCAN 6.60
Chemical 6.56
QEMSCAN 15.50
Chemical 15.60
QEMSCAN 0.78
Chemical 0.80
QEMSCAN 0.17
Chemical 0.17
QEMSCAN 14.70
Chemical 14.40
Si
Al
Mg
Ca
Fe
S
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QEMSCAN liberation data are showing high liberation for goethite (75%) and poor liberation 
for pyrite (12%). Liberation data of different phases in tails sample were presented Table 6.9 
& Table 6.10 and Figure 6.58 & Figure 6.59. In tails sample it is expected that pyrite is locked 
with non sulfide gangue due to poor liberation.  
 
Table 6.9 Pyrite liberation (includes arsenian pyrite and traces of arsenopyrite) mass% 
pyrite in fraction 
Sample ID >95% 
Liberated 
75-95% 
Liberated 
50-75% 
Liberated 
25-50% 
Liberated 
0-25% 
Liberated Tails 
12.3 9.0 6.4 7.5 64.7 
 
Table 6.10 Fe-Oxides liberation (includes goethite, hematite & magnetite) mass% Fe-
Oxides in fraction 
Sample ID >95% 
Liberated 
75-95% 
Liberated 
50-75% 
Liberated 
25-50% 
Liberated 
0-25% 
Liberated Tails 
74.5 7.5 3.7 3.6 10.6 
 
 
Figure 6.58 Pyrite liberation in tailings 
 
 
Figure 6.59 Fe-Oxides  liberation in tailings 
0 10 20 30 40 50 60 70 80 90 100
12.3 9.0 6.4 7.5 64.7
Pyrite mass%
>95 75-95% 50-75% 25-50% 0-25%
0 10 20 30 40 50 60 70 80 90 100
74.5 7.53.73.6 10.6
Fe-Oxides mass%
>95 75-95% 50-75% 25-50% 0-25%
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The QEMSCAN elemental deportment data for Fe and S indicated pyrite was dominant S-bearing phase 
accounting for >95% total S while Fe-Oxides was the main Fe-bearing phase accounting for ~80% total 
Fe. Elemental deportment analysis data were presented in Table 6.11, Table 6.12, Figure 6.60 and 
Figure 6.61 
Table 6.11 Fe-deportment data for tailings sample (*includes silicates) 
Mineral  Wt% 
Fe-Oxides 79.00 
Pyrite 18.60 
Copper sulfides 0.10 
Arsenopyrite 0.00 
Others* 2.30 
Total 100.00 
 
 
Table 6.12 S-deportment data for tailings sample (*includes alunite/Ca-sulfate) 
Mineral  Wt% 
Pyrite 96.60 
Sphalerite 1.90 
Copper sulfides 0.30 
Arsenopyrite 0.10 
Others* 1.10 
Total 100.00 
 
 
 
Figure 6.60 Fe deportment in tails 
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Figure 6.61 S-deportment in tails 
 
 
6.6 Dynamic SIMS Analysis of invisible gold in tails 
 
This technique was used to quantify the gold and arsenic concentration in selected spots in 
Sulfide, TCM, and Fe-Oxides phases. The objectives of the Au deportment studies include 
quantification of sub-microscopic gold in different sulfides/Fe-Oxides present in the sample by 
Dynamic SIMS. For this analysis, different morphological types of pyrite grains, and goethite 
and TCM grains were selected ( Figure 6.62 ). This study was carried out at Surface Science, 
Western using a Cameca IMS 3F SIMS instrument and the SIMS analytical techniques were 
tabulated in Appendix 20. 
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Figure 6.62 Photomicrographs of Sulfides, Fe-Oxides & TCM for SIMS analysis 
 
 
6.6.1 Dynamic SIMS Data 
 
Selected grains of pyrite, goethite, and TCM were analyzed from tails sample, and measured 
concentrations of gold were presented in Table 6.13 to Table 6.17. The concentration of gold 
and arsenic in aggregates of disseminated/ microcrystalline pyrite is higher compared to other 
three morphological types due to the presence of solid solution gold Table 6.13. The findings 
are agreement with published literature (Chryssoulis and McMullen 2005). On the other hand, 
coarse pyrite grains in tails showed poor gold concentration. The average concentration of 
gold in goethite grains from tails sample is significantly lower (5.43 ppm) compared to arsenic 
concentration (8955 ppm) as shown in Table 6.14. Also, noted are few goethite grains with 
very high concentration of gold (Table 6.15 and Table 6.16). The occurrence of visible gold 
inclusions in goethite is the reason for this high gold concentration. The average gold 
concentration is gold in TCM grains is very low (2.56 ppm) compared to average concentration 
of gold in pyrite and goethite grains (Table 6.17) 
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Table 6.13 Measured concentrations (ppm) of sub-microscopic gold and arsenic in 
pyrite 
         
Table 6.14 Measured concentrations (ppm) of sub-microscopic gold and arsenic in 
goethite 
 
 
Grain ID Au As Grain ID Au As Grain ID Au As Grain ID Au As
1 5.33 1181 11 1.57 2132 21 77.34 2716 31 17.5 731
2 2.42 5 12 3.38 6 22 7.22 1518 32 37 2543
3 12.27 25 13 2.6 167 23 28.68 883 33 6.05 1318
4 8.46 310 14 1.21 20 24 644.48 27144 34 15.7 3288
5 1.5 5 15 93.41 693 25 2.88 79 35 80.68 5078
6 1.97 930 16 23.98 598 26 58.26 1045 36 87.41 4847
7 1.93 15 17 17.31 686 27 4.35 666 37 187.89 24275
8 1.58 604 18 7.38 209 28 65.96 3237 38 70.86 1594
9 1.68 2 19 12.02 1866 29 14.45 449 39 62.96 6595
10 2.75 32 20 1.11 944 30 2.65 376 40 3.88 241
41 29.47 2039
42 141.01 16168
43 407.27 2683
44 101.28 12013
45 108 1197
46 1336.38 53938
47 187.98 5104
48 2.01 243
49 42.1 910
50 804.94 27794
51 170.55 52380
Average 3.99 311 Average 16.40 732 Average 90.63 3811 Average 185.76 10713
Coarse Pyrite Porous Pyrite Fine Pyrite
Aggregates of disseminated/ 
microcrystalline Pyrite
Pyrite
 197 
Table 6.15 SIMS data of Goethite grains with very high colloidal/solid solution gold 
(ppm) 
Grain I.D. Au As 
m2go02 997.45 10597 
m2go16 358.21 18106 
 
 
Table 6.16 SIMS data of Goethite grains with ultrafine visible gold inclusions (ppm) 
Grain I.D. Au As 
m2go14 3765.81 12218 
m2go20 1680.77 6397 
 
 
Table 6.17 Measured concentrations (ppm) of sub-microscopic gold in TCM 
 
 
6.6.2 Dynamic SIMS depth profile analysis of sub-microscopic gold: 
 
Dynamic SIMS depth profile analysis of sub-microscopic gold was carried out for different 
morphological types of pyrite and goethite and TCM grains and the results can be seen in 
Figure 6.63 to Figure 6.70. During the D-SIMS analysis, an ion beam removes consecutive 
layers of material from the surface of the polished mineral grains and generates depth profiles 
of the distribution of gold. The spikes in the gold signal intensity in the depth profiles represent 
colloidal gold (Figure 6.63, Figure 6.64A, Figure 6.65A, Figure 6.67, Figure 6.68and Figure 
6.70) and the area under spikes/yellow coloured areas represent the approximate size of this 
colloidal type, sub-microscopic gold. The typical size is in the range of 100-200nm. D-SIMS 
depth profiles for solid solution sub-microscopic gold show a steady (flat) Au signal similar to 
the matrix elements but with different levels of intensity depending on the concentration of 
 198 
sub-microscopic gold present in the mineral phase (Figure 6.64B, Figure 6.65B, Figure 6.66 
and Figure 6.67B). In the present study, the depth profile showed the presence of both solid 
solution and colloidal size invisible gold in different morphological types of pyrite. In goethite 
and TCM, most of the depth profile showed the presence of colloidal size invisible gold. SIMS 
depth profile analysis was also carried out for ultrafine visible gold inclusions in goethite grains 
(Figure 6.69). 
The SIMS depth profile analysis of two coarse pyrite grains having gold concentration of 
12.27ppm and 8.46ppm shown in  Figure 6.63 indicated the presence of colloid size gold. The 
intensity of Fe and S with depth remained constant for both the coarse grains analyzed. The 
intensity of arsenic in the coarse pyrite grain having gold concentration of 8.46ppm is higher 
and remained constant with depth compared to the other coarse pyrite grain. 
 
Figure 6.63 Concentration depth profiles of sub-microscopic gold in coarse pyrite 
grains. A) Colloidal size sub-microscopic gold in a coarse pyrite grain (Au=12.27ppm), 
B) Colloidal size sub-microscopic gold in a coarse pyrite grain (Au=8.46ppm).  
(The spikes in gold signal intensity in depth profiles represent colloidal gold and yellow colored areas/area under 
spike represent the approximate size of the colloidal type gold on the depth scale) 
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The variation gold intensity with depth for porous pyrite grains as measured by D-SIMS depth 
profile analysis showed the presence of solid solution gold as well as colloidal size sub-
microscopic gold. The intensity of arsenic with depth remained constant for both the analyzed 
grains Figure 6.64. Compared to coarse pyrite grains analyzed ( Figure 6.63), the intensity of 
arsenic is slightly higher and remained constant with depth of grain. 
 
Figure 6.64 Concentration depth profiles of sub-microscopic gold in porous pyrite 
grains. A) Colloidal size sub-microscopic gold in a porous pyrite grain (Au=17.31 ppm), 
B) Colloidal/solid solution sub-microscopic gold in a porous pyrite grain (Au=93.41 
ppm).  
(The spikes in gold signal intensity in depth profiles represent colloidal gold and yellow colored areas/area under 
spike represent the approximate size of the colloidal type gold on the depth scale) 
 
 
 
 
 
 200 
 
Fine pyrite grains (Figure 6.65B) showed higher Au and As intensities. The arsenic intensity 
remained constant with depth for both the analyzed fine pyrite grains. 
 
 
 
Figure 6.65 Concentration depth profiles of sub-microscopic gold in fine pyrite grains. 
A) Colloidal size sub-microscopic gold in a fine pyrite grain (Au=14.45 ppm)                        
B)   Colloidal size sub-microscopic gold in a fine grain (Au=644.48 ppm) 
The spikes in gold signal intensity in depth profiles represent colloidal gold and yellow colored areas/area under 
spike represent the approximate size of the colloidal type gold on the depth scale 
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Aggregates of disseminated/micro-crystalline pyrite grains showed the presence of solid 
solution gold. High arsenic and gold intensity with depth of the grain is noted (Figure 6.66). 
The intensity of Au and As is higher compared to other morphological types.  
 
 
 
 
 
Figure 6.66 Concentration depth profiles of sub-microscopic gold in pyrite aggregate 
grains. A) Solid solution sub-microscopic gold in a pyrite aggregate grain (Au=804.94 
ppm) B) Solid solution sub-microscopic gold in a pyrite aggregate grain (Au=1336.38 
ppm) 
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Most of the goethite grains showed the presence of colloidal gold Figure 6.67 to Figure 6.69. 
Some of goethite grains showed elevated levels of gold and arsenic with respect to depth due 
to the presence of visible gold inclusions (Figure 6.69).  
 
 
 
 
 
Figure 6.67 Concentration depth profiles of sub-microscopic gold in goethite  grains. 
A) Colloidal size sub-microscopic gold in a goethite grain (Au=5.09 ppm) B) Colloidal 
size/solid solution sub-microscopic gold in a goethite grain (Au=49.45 ppm) 
The spikes in gold signal intensity in depth profiles represent colloidal gold and yellow colored areas/area under 
spike represent the approximate size of the colloidal type gold on the depth scale 
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Figure 6.68 Concentration depth profiles of sub-microscopic gold in goethite  grains. 
A) Colloidal size/solid solution sub-microscopic gold in a goethite grain (Au=358.21 
ppm) B) Colloidal size sub-microscopic gold in a goethite grain (Au=997.45 ppm) 
The spikes in gold signal intensity in depth profiles represent colloidal gold and yellow colored areas/area under 
spike represent the approximate size of the colloidal type gold on the depth scale 
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Figure 6.69 SIMS depth profiles of ultrafine visible gold inclusions in Goethite grains 
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The TCM grains in tails showed As, S, Fe signals along with C and Au (Figure 6.70). This 
finding is in agreement with the BSE image and EDX semi quantitative analysis of TCM grains 
in feed (Figure 4.29). Gold is present as solid solution gold in TCM grains. 
 
Figure 6.70 Concentration depth profiles of sub-microscopic gold in TCM grains.             
A) Colloidal size sub-microscopic gold in a disseminated grain (Au=4.12 ppm)                        
B)  Colloidal size sub-microscopic gold in a disseminated TCM grain (Au=4.04 ppm) 
The spikes in gold signal intensity in depth profiles represent colloidal gold and yellow colored areas/area under 
spike represent the approximate size of the colloidal type gold on the depth scale 
 
The measured concentrations (ppm) of sub-microscopic gold and arsenic in pyrite, goethite 
and TCM led to the following conclusion: 
“Grains having high concentrations of arsenic have high concentration of gold but not all the 
grains having high concentrations of gold are high in arsenic concentration” 
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The findings of the D-SIMS analysis on the tails sample are in agreement with the D-SIMS 
analysis of feed with slight differences in the goethite phase which shows slightly higher Au 
concentrations in tails. 
The major findings of the analysis can be summarised as follows:  
 
1. Pyrite was the minor gold carrier for this tails sample.  
 
2. The estimated average gold concentration in coarse, porous, fine and aggregates of 
disseminated/micro-crystalline pyrite was 3.99ppm, 16.40ppm, 90.63ppm and 
185.76ppm respectively in the tails sample.  
 
3. The measured gold analysis data showed a large dynamic range of sub-microscopic 
gold concentrations (from few ppm to few hundreds of ppm) for the various 
morphological types of pyrite, particularly in disseminated/micro-crystalline pyrite 
aggregates.  
 
4. Statistically, 49% of the SIMS concentration depth profiles in pyrite showed the 
presence of solid solution gold, and the rest (51%) being colloidal type sub-microscopic 
gold.  
 
5. The measured sub-microscopic gold concentration for the majority of the analyzed 
goethite grains is in the low ppm range (average Au= 5.43ppm). However, D-SIMS 
study revealed the presence of high colloidal/solid solution type sub-microscopic and 
ultrafine visible gold inclusions in some goethite grains, with estimated gold 
concentrations in the hundreds/thousand ppm range. These data indicated that 
goethite mineral phase was a significant gold carrier.  
 
6. Goethite was the significant gold carrier in this tail sample.  
 
7. Statistically, 85% of the SIMS concentration depth profiles in goethite showed the 
presence of colloidal type sub-microscopic gold, and the rest (15%) being solid solution 
gold.  
 
8. TCM was a minor gold carrier. The measured gold concentration in disseminated TCM 
was 2.56ppm.  
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9. Statistically, 100% of the SIMS concentration depth profiles in TCM showed the 
presence of colloidal type sub-microscopic gold. 
 
Fine liberated visible native gold grains in tailings are very challenging to recover but it is worth 
investigating the effect of selective/mixed reagent chemistries on liberated native gold 
particles as well as enhanced gravity concentrators like  the Knelson concentrator. 
 
Locked aggregates of disseminated/micro-crystalline pyrite grains which contains high gold 
concentration in tailings could potentially be recovered if the surface chemistry of pyrite is 
understood. The pyrite surface in different flotation streams was analysed using ToF-SIMS 
and the findings are presented in next section.  
 
Since goethite is a significant gold carrier in the tails sample which is well liberated (74.5%), 
the recovery of this mineral phase will enhance gold recoveries. Flotation with common 
collectors employed in iron flotation or the use of wet high-intensity magnetic separation could 
be a potential solution. 
 
 
6.6.3 Gold distribution in tails 
 
The quantitative gold deportment study in the tails sample was carried out by combining the 
concentration of invisible (sub-microscopic) gold in sulfides, and assay. The results are listed 
in Table 6.18 & Figure 6.71. For quantification of invisible gold in different sulfides, the dynamic 
SIMS data for average concentration of gold in these phases, and the mineral abundances 
from XRD, QEMSCAN and Optical Microscopy were applied. Goethite accounted for 8% of 
total gold and pyrite accounted for 4.5% total gold in the tail sample. The findings of gold 
deportment in tailings when compared with feed shows no significant difference in gold forms 
and carriers. However, in tailings more goethite particles containing gold were observed which 
accounted for 8% of total gold. 
Table 6.18 Gold distribution in tails sample 
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Figure 6.71 Gold distribution in tails (Liberated Visible Gold (Native Au), grain size 
range 2-13µm and average grain size 6µm. Visible gold mostly locked with Goethite, 
grain size range 1-8µm and average grain size 2µm 
 
 
6.7 Surface characterization of flotation products using ToF-SIMS 
 
Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) is an analytical technique used 
to image and record organic and inorganic mass spectral data of solid materials. It is a highly 
sensitive technique that provides chemical information regarding elemental, isotopic and 
molecular structure. It involves the analysis of ionized particles that are emitted when the 
surface is bombarded with an energetic primary ion beam. Emitted particles are accelerated 
to constant kinetic energy into the time-of-flight chamber, where mass separation is achieved 
according to mass-to-charge ratio. It is a highly surface sensitive technique, as only the 
secondary ions generated from the outer 10-20Ǻ region have enough energy to escape the 
surface for detection and analysis. 
 
In this case, the high surface sensitivity provided by ToF-SIMS allows only the ‘visible’ surface 
of mineral particles of interest to be probed, indicating surface chemistry, oxidation level, 
mineral coatings and collector coverage. 
 
Although not a quantitative technique, ToF-SIMS can provide a qualitative surface chemistry 
comparison between samples. The main objective of ToF-SIMS is to identify the key species 
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responsible for flotation and depression. For this purpose, samples from TCM concentrate, 
sulfide concentrate and tailings are provided for surface chemistry analysis of various mineral 
phases. One of the key challenge is to identify and analyse statistically significant number of 
gold particles. Due to low grade and ultra-fine particle grain size ToF-SIMS unable to detect 
any gold and hence proceeded with the analysis of only pyrite phase in different flotation 
streams.  
Maximum efforts were made by the ToF-SIMS experts at University of South Australia to 
identify statistically significant number of particles but was not successful for a number of 
reasons including the non-availability of sample preparation methods to generate statistically 
significant number of particles without modifying the surface, equipment limitations and 
excessive slime coating on particle surfaces. 
6.7.1 Sample Preparation 
 
‘Solution replacement’ was performed, using a solution buffered to the designated pH to rinse 
each slurry sample ~3 times. This removed the suspended colloidal fine particles, as well as 
washed off physically associated material from the mineral particle surfaces. 
 
6.7.2 Operating Parameters 
 
Samples from combined TCM concentrate, combined sulfide concentrate and tailings are 
dispatched to Future Industries Institute, University of South Australia for ToF-SIMS analysis. 
ToF-SIMS experiments were performed using a Physical Electronics Inc. PHI TRIFT V 
nanoTOF instrument equipped with a pulsed liquid metal 79+Au primary ion gun (LMIG), 
operating at 30kV energy. “Unbunched” beam settings were used to optimise spatial 
resolution. Surface analyses, in positive and negative SIMS modes, were performed at some 
locations typically using a ~200x200 micron raster area. 
 
For the purposes of statistical interrogation, usually, ~20 particles of each phase of interest 
should be imaged per sample to allow collection of representative data. Due to the difficulties 
experienced in locating particles of interest in reasonable time frames, typically data for only 
8-15 particles of pyrite in each flotation stream were collected. The findings from this analysis 
can be used to understand the species responsible for flotation or depression of pyrite. 
 
6.7.3 Data Analysis: 
 
Region-of-interest analyses were performed on the collected raw image data. This involved 
the extraction of mass spectra specifically from within the boundaries of the particles of 
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interest. This allowed the surface chemistry of the particle to be extracted from the background 
signals. 
 
The resulting spectra in each polarity were calibrated using WincadenceN software (Physical 
Electronics Inc.), and peaks were selected based upon previously identified species of 
interest. Integrated peak values of the selected ions were normalized to the total selected 
secondary ion intensities, to correct for differences in total ion yield between analyses and 
samples. The resulting data were then compared qualitatively by preparing plots of normalized 
average counts (with 95% confidence intervals) for each species of interest. Chemical maps 
illustrating spatial distributions of elements of interest, including overlays, were prepared using 
WincadenceN. 
 
6.7.4 Results and discussion 
 
Comparison of + SIMS surface chemistry of pyrite phase in sulfide/pyrite concentrate and 
tailings indicated high normalized intensities for K, Si, Al and Mg on the surface of pyrite in 
tailings compared to pyrite phase in sulfide/pyrite concentrate (Figure 6.72). The reasons 
could be attributed to slime coating of ultra fine gangue phases like carbonates and silicates 
(Farrokhpay et al. 2010). Also, surface of pyrite grains on sulfide concentrate showed high 
copper intensity compared to that in tails which demonstrate excellent copper activation of 
pyrite (Ejtemaei and Nguyen 2017). Pyrite grains in tailings are more oxidized compared to 
pyrite grains in sulfide concentrate as is evident from high “O” intensities from –SIMS surface 
chemistry (Figure 6.73) 
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Figure 6.72 ToF-SIMS surface chemistry of pyrite phase in sulfide con and tailings 
(+SIMS mode) 
The intensity of Sulfur especially various Sulfur species is higher on the surface of pyrite grains 
in sulfide concentrate relative to the surface of pyrite grains in tails (Figure 6.73 and Figure 
6.74). The presence of sulfur rich species on pyrite consists of a metal deficient sulfur lattice 
and metal hydroxides (Buckley and Woods 1987, Chander 1991) which interact with xanthate 
collectors to form metal-xanthate complexes which are responsible for hydrophobicity 
resulting in good flotability (Ralston 1991). 
 
Figure 6.73 ToF-SIMS surface chemistry of pyrite phase in sulfide con, TCM con, and 
tailings (-SIMS mode) 
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Figure 6.74 S-species surface chemistry of pyrite phase in sulfide con, TCM con, and 
tailings. Green bar represents pyrite in tails sample (-SIMS mode) 
 
The adsorption of various collector fragments (PAX) on surface of pyrite grains from sulfide 
and tailings is shown in Figure 6.75. PAX fragments especially dixanthogen/CH3OCS2 
showed higher intensities on surface of pyrite in sulfide concentrate compared to tailings. The 
species responsible for flotation of pyrite when xanthate is added is dixanthogen (Fuerstenau 
et al. 1968) 
 
 213 
 
Figure 6.75 PAX collector fragments on pyrite phase in sulfide concentrate and 
tailings 
 
ToF-SIMS images (+SIMS and –SIMS) showed the presence of significant amounts of Ca and 
Si on the surface of pyrite (Figure 6.76 to Figure 6.79). The surface of pyrite in tails sample 
is fully covered with Ca and Si species possibly due to slime coating (Figure 6.78). 
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Figure 6.76 ToF-SIMS images of pyrite surface (Pyrite/sulfide con, scale:100µm) 
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Figure 6.77 ToF-SIMS images (-SIMS) showing fragments on pyrite surface 
(Pyrite/sulfide con, scale:100µm) 
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Figure 6.78 ToF-SIMS images of pyrite surface (Tailings, scale:100µm) 
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Figure 6.79 ToF-SIMS images (-SIMS) showing fragments on pyrite surface (tailings, 
scale:100µm) 
 
 
Total –SIMS S2/SO2-
O- CH3OCS2- [PAX fragment]
S-
 218 
6.8 XPS analysis of flotation products 
 
Combined sulfide sample and tailings are analysed using Kratos Axis Ultra XPS located in  
Australian Microscopy and Microanalysis Research Facility (AMMRF) at University of 
Queensland. 
XPS analysis reveals the presence of CaCO3/MgCO3 coatings on the surface of sulfide/pyrite 
concentrate and tailings (Figure 6.80 & Figure 6.81. The XPS Spectrum looks similar for both 
the products. Narrow scans are done for tails sample at normal survey pass energy of 160eV 
to give maximum sensitivity. Fe is present. From Figure 6.81,  if the Si 2p is taken as a ref at 
102.5eV, we get the main Fe 2p3/2 at ~ 710eV. This is poor resolution data, but there is 
another Fe 2p3/2 species at ~707.5Ev. This would be FeS2 and, the large species at ~710eV; 
is believed to most probably be FeSO4 due to surface oxidation.  
 
Figure 6.80 XPS spectrum of flotation sulfide/pyrite concentrate 
 
Sulfide mineral oxidation arises from the reaction of mineral surface species with water and 
oxygen (Buckley and Woods 1987, Moses et al. 1987, He 2006). It has been proposed that 
pyrite oxidation in aqueous solutions produces sulfate and ferrous iron, with intermediate 
species such as polythionates, thiosulfate, and sulfite (Chandra and Gerson 2010). Depending 
upon the extent of oxidation the formed surface species are responsible for flotation or 
depression. 
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Figure 6.81 XPS spectrum of flotation tailings before and after etching 
 
The O1s peak at 529.2eV confirms the that it arises from metal oxides. The values are higher 
for surface of pyrite particle in tailings as shown in Figure 6.82 and this confirms surface 
oxidation. It appears that in tailings samples with etching, Si and Al are partially removed 
exposing the Ca and Mg coatings. The findings of XPS (surface oxidation and slime coatings) 
are in agreement with ToF-SIMS analysis on these samples 
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Figure 6.82 XPS spectrum (O1s) of flotation tailings 
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6.9 Summary of findings from characterization of flotation products 
 
1. Particle size distribution of combined TCM concentrates, combined sulfide 
concentrates and tailings show that P80 of TCM concentrate (38μm) is finer than sulfide 
concentrate (59μm), tailings (120μm) and feed (75μm). 
2. The grade of gold in the combined TCM concentrate gradually increased from the 
coarsest fraction (11.35g/t) to the finest fraction (23.20g/t). Approximately 56.92% of 
Au, 58.48% TCM, and 37.89% total sulfur was distributed in the –C5 size fraction of 
combined TCM concentrate. 
3. The distribution of Au in sulfide concentrate decreased from the coarser fraction 
(11.40%) to (4.15%) in C5 fraction and then increased to (35.70%) in the –C5 fraction. 
4. The distribution of Au in tailings increased from 150 μm (4.63%) until 75μm (18.62%) 
and then decreased its value to (3.49%) in a C5 fraction. Gold distribution in the –C5 
fraction is relatively high (24.55%) 
5. Particle size distribution versus recovery plots for TCM concentrate showed increasing 
recoveries (Au, TCM, and pyrite) with decreasing particle size. The recovery of pyrite 
in sulfide concentrate reached a maximum value of 78.66% at 63 µm particle size. 
While the recovery above 63 µm particle size decreased drastically with increasing 
particle size and reached a minimum value of 26% at 178µm. Below 63 µm the 
recovery of pyrite gradually decreased with decreasing particle size and reached a 
minimum value of 28.02% at 3µm. 
6. In the size fractions 3-12µm, the comparative analysis indicated the recovery of NSG 
in TCM concentrate is significantly higher than in sulfide concentrate. Above 12µm, the 
recovery of NSG in TCM concentrate started to gradually decrease while the recovery 
of NSG in sulfide concentrate remained almost constant. For size fractions above 
63µm, the recovery of NSG in TCM concentrate followed the same path as sulfide 
concentrate. 
7. Particle liberation by free surface for different phases in the combined TCM 
concentrate showed the gangue/NSG phases are highly liberated (85% in liberation 
class 95%<x<100%) whereas pyrite was poorly liberated (33% in liberation class 
95%<x<100%).  
8. Particle liberation by free surface for different phases in the combined sulfide 
concentrate showed the gangue/NSG phases are highly liberated (82% in liberation 
class 95%<x<100%) whereas pyrite was poorly liberated (36% in liberation class 
95%<x<100%).  
9. Bulk mineralogy, quantitative modal mineralogy, liberation, elemental deportment and 
morphology/association of TCM, sulfides and visible gold scan for tails sample were 
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carried out by optical microscopy, electron micro-probe, MLA, and QEMSCAN. 
Quantification of invisible gold in sulfides, TCM and Fe-Oxides, were conducted by 
Dynamic SIMS. 
10. This tails sample was mainly composed of dolomite (49%) with moderate to minor 
amounts of quartz (26%), calcite (12%) and mica (8%) 
11. Trace amounts of pyrite/arsenian pyrite (0.3%) and carbonaceous matters (0.5%) were 
noted. 
12. Pyrites were the main sulfide phase in this sample accounting >95% total S and ~20% 
total Fe. 
13. Four morphological varieties of pyrite (coarse, porous, fine and aggregates of 
disseminated/ micro-crystalline) were noted and in-visible gold analysis by Dynamic 
SIMS analysis was carried out for each morphological variety of pyrite grains. 
14. Poor liberation (12%) of pyrite was noted. 
15. Traces of copper sulfides (chalcopyrite, covellite, and chalcocite), sphalerite and 
arsenopyrite were also noted. 
16. A trace amount (0.8%) of Fe-Oxides (mainly goethite) was noted in tailings sample 
which accounted ~80% total Fe. 
17. TCM, in general, mostly occurred as finely disseminated grains associated with 
carbonates, silicates, and pyrite. 
18. Some visible gold grains were noted from optical and MLA Gold scan. 
19. A total of thirty-seven gold grains were noted. Most of the observed gold grains were 
fine-grained with an average grain-size 2μm (grain size ranges 1μm to 13μm), native 
gold in composition (81% to 100% Au). 
20. Few gold grains were liberated. The six larger grains constituted 68% of the cross-
sectional area. 
21. Fine inclusions of gold grains were commonly noted within goethite (32% by surface 
area and 84% by number). 
22. Goethite was significant gold carrier accounted 8% of total gold as invisible gold 
besides fine/ultrafine visible gold inclusions. 
23. Pyrite was a minor carrier of invisible gold and accounted for 4.5% total Au. 
24. Comparison of +SIMS and –SIMS surface chemistry of pyrite in sulfide/pyrite 
concentrate and tailings indicated high normalized intensities for Na, Mg, Al, Si, and K 
on surface of pyrite in tailings compared to pyrite in sulfide/pyrite concentrate 
25. ToF-SIMS images (+ SIMS and –SIMS) showed the presence of significant amounts 
of Ca and Si on surface of pyrite 
26. XPS analysis reveals the presence of CaCO3/MgCO3 coatings on the surface of 
sulfide/pyrite in concentrate and tailings. Pyrite particles are more oxidized in tailings.   
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Chapter 7 Effect of reagent chemistries on the flotation of 
complex carbonaceous double refractory gold ores  
 
This work was carried out because Barrick believed all Au in present in pyrite and TCM and 
their reagent regime include standard PAX as collector to recover pyrite. But evidence here in 
this research shows visible gold is major form of Au in the Cortez double refractory ore. Need 
different reagents to recover visible gold and hence these tests. This additional test work was 
performed to investigate the effect of collectors which nominally target gold on the recovery of 
gold and its mechanism. No reagent optimization tests were carried out for the reagent 
chemistries investigated. Reagent dosage rates were chosen based on the available literature 
as well as technical data sheets from supplier.  
The effect of two reagent chemistries namely a mixture of mercaptobenzothiazole and dialkyl 
dithiophosphate (MBT+DTP) and monothiophosphate (MTP) on flotation recovery of gold was 
investigated (Day 2002, Chryssoulis and McMullen 2005). Details of the test conditions are 
presented in Table 7.1. 
Flotation test conditions in the TCM flotation stage were not altered and were maintained as 
per standard JKMRC flotation test. Only the sulfide flotation stage conditions were varied with 
collector chemistry. The results of cumulative grade versus cumulative recovery for the sulfide 
stage are presented in Figure 7.1, Figure 7.2 and Figure 7.3 
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Table 7.1 Flotation test conditions with two different reagent chemistries 
 
 
 
 
Test-1 TCM Float Sulfide Float
Collector Diesel Oil MTP
pH Standard natural
Collector Dosage (g/t) Standard 200
Conditioning time (min) Standard 10
Froth Collection time Standard 2,2,4
Test-2 TCM Float Sulfide Float
Collector Diesel Oil MTP
pH Standard 6
Collector Dosage (g/t) Standard 200
Conditioning time (min) Standard 10
Froth Collection time Standard 2,2,4
Test-3 TCM Float Sulfide Float
Collector Diesel Oil MTP
pH Standard 5
Collector Dosage (g/t) Standard 200
Conditioning time (min) Standard 10
Froth Collection time Standard 2,2,4
Test-4 TCM Float Sulfide Float
Collector Diesel Oil MBT+DTP
pH Standard Natural
Collector Dosage (g/t) Standard 200
Conditioning time (min) Standard 10
Froth Collection time Standard 2,2,4
Test-5 TCM Float Sulfide Float
Collector Diesel Oil MBT+DTP
pH Standard 5
Collector Dosage (g/t) Standard 100
Conditioning time (min) Standard 10
Froth Collection time Standard 2,2,4
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Figure 7.1 Gold grade versus Gold recovery plots for various test conditions 
 
The performance of MTP chemistry on the flotation recovery of gold in sulfide stage is 
relatively poor when compared to the performance of (MBT+DTP). Maximum gold recovery 
obtained for MTP is 13.4% while for MBT+DTP it is 24.8% using the natural pH condition as 
shown in Figure 7.1. The calculated recoveries are based on the calculated feed to flotation. 
When the results of MBT+DTP are compared with standard JKMRC test, MBT+DTP collector 
chemistry yielded slightly increased Au recovery (1.01% Au) with marginal difference in Au 
grade (2.7 g/t Au). It appears from Figure 7.1 that the mechanism of Au recovery for MBT+DTP 
followed a different path when compared with standard JKMRC test. Further insights on this 
difference in mechanism could be identified and explained from mineralogy and gold 
deportment of flotation feed and grade recovery curves of sulfur/pyrite (S) and TCM/organic 
carbon (C). 
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Figure 7.2 Organic carbon (TCM)  grade versus Organic carbon (TCM) recovery plots 
for various test conditions 
 
Cumulative TCM grade versus Cumulative TCM recovery for different tests are plotted in 
Figure 7.2. The recovery of TCM in sulfide stage using MTP is relatively low (T1-T3) when 
compared with MBT+DTP (T4-T5), which indicates better selectivity between TCM and sulfide 
in sulfide flotation stage. There is no major difference in TCM grade and recoveries between 
MBT+DTP (T4) and JKMRC standard test. The results of cumulative sulfur grade versus 
cumulative sulfur recovery was plotted in Figure 7.3 which indicates that the recovery of pyrite 
in sulfide stage using MTP improved with increasing pH and reached a maximum value of 
45.8% at 2.88% S grade.  The sulfur grade versus recovery curves for MBT+DTP at natural 
pH followed a disparate path when compared with standard JKMRC test. The final sulfur grade 
values for MBT+DTP and JKMRC test are 2.72% and 3.13% respectively while the sulfur 
recoveries are 51.4% and 57.89% respectively.  
Although the recovery of pyrite with MBT+DTP at natural pH is lower compared to standard 
JKMRC test, gold recoveries did not decrease which indicates that gold is recovered from 
other forms of gold. Gold deportment studies indicated the presence of gold in liberated native 
form as well as TCM. When compared the TCM recovery there is no difference between the 
recovery of TCM in sulfide concentrate for both JKMRC standard and MBT+DTP at natural 
pH. Thus the recovery of gold is due to the possible recovery of liberated native gold particles 
at least during the first stage of sulfide flotation (maximum difference in S grade and recovery 
compared to other two sulfide stages as shown in selectivity plot in Figure 7.4) 
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Figure 7.3 Total Sulfur grade versus total sulfur recovery plots for various test 
conditions 
 
 
 
 
Figure 7.4 Selectivity plot for T-4 and JKMRC Standard 
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Conversely, MTP performance in recovering gold is very poor, although it recovered significant 
quantities of sulfide, gold recoveries remained poor. The reason might be due to the recovery 
of low gold grade morphological type of pyrite phases in the ore.  
When the gold deportment of feed, mineralogy and the cumulative grade versus cumulative 
recovery plots for the different reagent chemistries are considered it could be proposed that 
using a mixture of MBT+DTP and PAX collector could potentially improve gold recoveries in 
sulfide flotation stage. However, this optimisation work is outside the scope of the current 
research and forms a program of future work 
It is worth noting that each ore body has a different mineralogical signature which can also 
vary within the same ore body. These factors, together with the synergistic effects between 
the reagent suite employed in the flotation, mean that care should be taken while applying the 
findings from this research to other Carlin ores. 
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Chapter 8 Discussion of Results  
 
The preliminary mineralogical investigation report from Barrick on the ore which is the subject 
of this research (Gorain 2014) identified a high proportion of carbonates (48%) in the sample. 
Dolomite and calcite were identified as the carbonate mineral phases. QEMSCAN and modal 
analysis indicated pyrite (1.22%) as the major sulfide mineral phase. The pyrite was well 
liberated (>95% =72%). Importantly in this gold ore no visible gold grains were identified 
(Gorain 2014) and the gold bearing phases were believed to be sulfide and carbonaceous 
matter (TCM) as is the typical case with Carlin-type double refractory gold ores.  
At Barrick Technology Centre, Canada, flotation experiments were carried out with a feed P80 
of 75 μm as described in Chapter 3. Sequential flotation of TCM followed by activation and 
flotation of pyrite was conducted, with timed concentrates being collected during the batch 
test. Flotation test result with optimum reagent dosing  indicated 65.2% gold recovery with a 
gold grade and mass pull of 21.65% and 36.5% respectively (Jiang and Gorain 2015). A 
sample of ore sample was dispatched to JKMRC for detailed investigation in this research to 
identify the reasons for gold losses. 
In order to quantify the mineralogical characteristics of the ore individual size fractions (+150, 
+106, +75, +53, +38μm, C1+C2, C3, C4, C5 and, -C5) of flotation feed were analyzed for 
modal mineralogy, elemental deportment, mineral locking and liberation characteristics using 
MLA at JKMRC MCRF facility, Australia. Cortez ore sample supplied by Barrick for this 
research was mainly composed of dolomite (58.93%) with moderate to minor amounts of 
quartz (19.38%), muscovite (13.07%) and calcite (3.18%). Minor amounts of pyrite (1.17%) 
(which includes arsenopyrite) and organic carbon (2.00%) were noted. The MLA 
liberation/locking data for pyrite shown that 63% of the pyrite is liberated (i.e., in particles 
containing 95-100% pyrite). Total binary and ternary locking data of pyrite indicated that the 
unliberated pyrite is mainly locked with dolomite and quartz, the two major gangue minerals. 
No liberated gold grains were identified while performing MLA Gold Scan at JKMRC 
(Wightman and Evans 2016). This led to a conclusion that the modal mineralogy of feed 
analysed at JKMRC is in agreement with Barrick preliminary report. Pyrite liberation in this 
sample analysed at JKMRC showed slightly lower liberation (63%) compared to that analysed 
at Barrick (72%) due to differences in the dimensions of the rod mill used. 
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Preliminary flotation experiments were carried out at JKMRC using the optimized reagent 
dosing’s from Barrick’s confidential report. The gold recoveries in initial tests were lower than 
Barrick achieved due to problems associated with slower flotation rates in TCM flotation. A 
revised flotation protocol was developed for this research with increased frother dosages for 
TCM flotation stages. With this approach acceptable recoveries were achieved. 
Comparative analysis of flotation tests carried out at JKMRC and Barrick indicated that the 
overall gold recovery is similar for JKMRC and Barrick tests, but the recovery split between 
the TCM concentrate and the Sulfides concentrate is different, and this was investigated 
further using the results of the flotation selectivity, fraction remaining vs time plots, gold 
deportment, and TOF-SIMS analyses. 
Comparison of the fraction remaining vs time plots for the JKMRC and Barrick flotation tests 
indicated that the recovery of gold in the sulfide flotation stage is entirely different in these 
tests. The causes for these differences was further investigated using detailed gold 
deportment studies on the flotation feed. 
The characterization of TCM and quantification of gold associated with TCM, sulfide and oxide 
phases is required a suite of analyses. The method applied to quantify the gold deportment 
was based on a novel systematic approach using state-of-the-art technology developed by 
IPMINS and Barrick (Chattopadhayay and Gorain 2014). This method combines analyses of 
quantitative modal mineralogy, liberation, elemental deportment and morphology/association 
of TCM, sulfides and visible gold scan which were carried out by optical microscopy, electron 
micro-probe, MLA, and QEMSCAN. Quantification of invisible gold in sulfides, TCM, Fe-
Oxides, and an assessment of preg-robbed surface gold in TCM were carried out by Dynamic 
SIMS and TOF SIMS.  
 
The flotation feed sample mainly composed of dolomite (51%) with moderate to minor 
amounts of quartz (22%), calcite (10%) and mica (9%). Pyrite was the main sulfide phase in 
this sample accounting for more than 95% of the total sulfur and approximately 50% of the 
total Fe.  
 
Four morphological varieties of pyrite were observed in the ore - coarse, porous, fine and 
aggregates of disseminated/ micro-crystalline. Moderate liberation of pyrite (63%) was noted 
which is in agreement with JKMRC MLA findings. Invisible gold analysis by Dynamic SIMS 
analysis was carried out for each morphological variety of pyrite grains. The carbonaceous 
TCM, in general, mostly occurred as finely disseminated grains associated with carbonates, 
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silicates, and pyrite. A low level (0.8%) of Fe-Oxides (mainly goethite) was noted in this sample 
which accounted approximately 50% of the total Fe. 
The gold deportment analyses observed some visible gold grains in optical microscopy and 
MLA Gold scans. Most of the observed gold grains were fine-grained with an average grain 
size of 3 μm (with overall grain sizes ranged between 1 μm to 33μm) and were native gold in 
composition (88% to 100% Au), Most of the gold grains were liberated (66% by cross-sectional 
area). Fine inclusions of gold grains were commonly noted within in pyrite and goethite (34% 
by cross-sectional area and 90% by number). Overall visible native gold accounted for 85 wt% 
in the flotation feed sample which is a novel finding for this ore and an unexpected one since 
typically the majority of gold in Carlin-type ores occurs in the matrix of pyrite species and with 
carbonaceous matter. The occurrence of the major proportion of the gold in the feed in 
liberated native form with only in 15% in TCM, goethite and as invisible gold in pyrite posed a 
challenge in recovery of the valuable mineral phases by flotation due to the problems 
associated with fine native gold flotation. In particular the standard flotation conditions used to 
float Carlin-type ores which use xanthate collector to recover gold-bearing pyrite would not be 
optimal for recovering liberated native gold. Also, the coarse flaky nature of some native gold 
grains such as shown in Figure 4.20 may cause them to be poorly recovered and hence lost 
to tailings. 
Pyrite was identified as the second most significant carrier of gold in the flotation feed after 
native gold, with the invisible gold in the pyrite accounting for 13% of the total gold in this 
Cortez ore. For the different morphological types of pyrite, disseminated and microcrystalline 
pyrite aggregates were the main gold carrier which accounted for approximately 10% of the 
total gold while fine pyrite, porous pyrite, and coarse pyrite together account for the remaining 
3% of the gold. Dynamic SIMS depth profiling analysis of the different morphological types of 
pyrite showed the presence of 52% colloidal type of gold in all the depth profiles. The effective 
recovery of aggregates of disseminated/micro-crystalline pyrites which are high in gold 
concentration compared to other morphological types will result in improved gold recoveries. 
The coarse grain size and their high arsenic content make the aggregates of 
disseminated/micro-crystalline pyrites challenging to be recovered in flotation due to particle 
size effect and surface oxidation of the more reactive arsenian species. Also, surface oxidation 
of pyrite results in the formation of hydrated iron oxide which could significantly hamper the 
flotation of native gold grains by forming surface coatings on native gold (Allan and Woodcock 
2001). The low grade nature of the ore did not allow this potential source of gold losses to be 
confirmed through surface analyses, since no gold grains were detected in the tail sample 
during ToF-SIMs measurements. 
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TCM and goethite were minor gold carriers and accounted for 1% and 0.5% of the total gold 
in this feed sample respectively. In TCM and goethite, the SIMS concentration depth profiles 
showed the presence of colloidal type sub-microscopic gold. Coarse composite TCM particles 
locked in silicate and carbonates such as those shown in Figure 4.15 & Figure 4.16 are likely 
to show low recovery in flotation due to the lack of surface exposure of the carbonaceous 
matter. Liberation of TCM grains from these coarse composite grains requires ultra-fine 
grinding which is unlikely to be economical considering the low gold deportment values of this 
phase in tails (0.2% in TCM). 
 
Solution analysis on the flotation feed slurry indicated a significant change of calcium and 
magnesium ion concentration at pH 5.78. Speciation diagrams prepared using HSC Chemistry 
software indicated the presence of calcium and magnesium hydroxides which may affect the 
flotation performance at pH values above 11.5 since coatings of calcium and magnesium 
hydroxide on surface of pyrite can have detrimental effect on flotation recovery. The natural 
pH of Cortez ore flotation slurry is around 8 and the TCM and sulfide flotation stages are 
carried out at this natural pH. As a result it is expected that hydrophilic coatings of calcium and 
magnesium hydroxides on the surface of pyrite would be minimal at this pH and would not be 
the cause of low flotation recovery.  
To complement the detailed characterisation of the Cortez ore flotation feed and to assist in 
identifying the causes of low gold recovery, the flotation products (TCM concentrate, Sulfide 
concentrate, and tailings) were also characterized using MLA and ToF-SIMS. Gold 
deportment studies are also carried out on flotation tailings to quantify gold in individual 
phases. 
 
In the TCM concentrate the recovery as a function of size plots showed increasing recoveries 
of gold, TCM, and pyrite with decreasing particle size.  
 
In the size fractions 3-12μm, the comparative analysis indicated the recovery of NSG in the 
TCM concentrate is significantly higher than in sulfide concentrate. This reflects the higher 
water recovery observed in the TCM flotation which results in a greater mass of entrained fine 
NSG. In the size fraction below 25 µm the recovery of pyrite in the TCM concentrate followed 
exactly the same trend as non-sulfide gangue indicating entrainment as the probable recovery 
mechanism (Figure 6.8). The liberation analysis by free surface for NSG in the combined TCM 
concentrate showed that the gangue/NSG phases are highly liberated (85% in liberation class 
95%<x<100%) as shown in Figure 6.17. Overall the pyrite in the TCM was poorly liberated 
(33% in liberation class 95%<x<100%) and mostly locked with NSG but in the ultrafine size 
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range 3-12 μm which shows relatively high recovery in the TCM concentrate the pyrite is highly 
liberated, indicating the entrainment is the more likely mechanisim for recovery since locking 
with floating minerals is not the cause.  
 
In the combined sulfide concentrate the particle liberation by free surface for different phases 
showed that the gangue/NSG phases are highly liberated (82% in liberation class 
95%<x<100%) whereas pyrite was poorly liberated (36% in liberation class 95%<x<100%) 
and is locked mostly with non sulfide gangue (44.87%). The recovery of pyrite in the sulfide 
concentrate as as function of particle size reached a maximum value of 79% at 63μm particle 
size. The recovery above 63μm particle size decreased significantly with increasing particle 
size and reached a minimum value of 26% at 178μm. Below 63μm the recovery of pyrite 
gradually decreased with decreasing particle size and reached a minimum value of 28% at 
3μm. The TCM in the sulfide concentrate is poorly liberated and is highly associated with NSG 
(80%) 
The flotation tails sample was mainly composed of dolomite (49%) with moderate to minor 
amounts of quartz (26%), calcite (12%) and mica (8%). Trace amounts of pyrite/arsenian pyrite 
(0.3%) and carbonaceous matter (0.5%) were noted. The distribution of gold across visible 
and invisible forms was similar in the tailings to that observed in the feed - 87% in visible gold 
and 12% in invisible gold. Most of the observed gold grains in the tails sample were fine-
grained with an average grain-size of 2μm (grain size ranges 1μm to 13μm), native gold in 
composition (81% to 100% Au) having liberation of 68% by cross-sectional area. The fine 
particle size of gold grains is likely to have contributed to gold losses. At the other end of the 
grain size spectrum coarse gold grains observed in tailings were flaky in nature and tis shape 
may have contributed to their lack of recovery in flotation.  
Pyrite was the main sulfide phase in this tailings sample accounting >95% total S and ~20% 
total Fe. Poor liberation (12%) of pyrite was noted in the tail, as would be expected. The four 
morphological varieties of pyrite observed in the feed (coarse, porous, fine and aggregates of 
disseminated/ micro-crystalline) were present in the tail. As expected, coarse composite pyrite 
grains mostly aggregates of disseminated/micro-crystalline pyrites were a source of pyrite 
(and therefore gold) losses in the tailings. 
Comparison of the +SIMS and –SIMS surface chemistry of pyrite in the sulfide/pyrite 
concentrate and tailings indicated high normalized intensities for Na, Mg, Al, Si, and K on the 
surface of pyrite in tailings due to slime coatings. The intensity of copper and PAX fragments 
on the surface of pyrite in tailings is very low. There is evidence that the surface of pyrite in 
tailings is highly oxidized (from intensity of oxygen) compared to pyrite in the sulfide 
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concentrate. The intensity of sulfur on the surface of pyrite in sulfide concentrate is very high 
compared to tailings due to the formation of different sulfur species (poly sulfide, elemental 
sulfur or sulfate). A combination of surface oxidation, slime coatings and poor collector and 
activator loadings on the pyrite surface have contributed to pyrite losses to tailing 
The application of the suite of analytical techniques used in this research has allowed the 
causes of low gold recovery in this complex double refractory gold ore from Cortez to be 
identified. 
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Chapter 9 Conclusions and recommendations 
 
The key findings of mineralogy and surface chemistry analyses on the Cortez carbonaceous 
double refractory ore and its flotation products are used to address the hypotheses as follows: 
Hypothesis-1: The majority of gold losses in Cortez carbonaceous double refractory gold ore 
is due to the low recovery of invisible gold contained in pyrite 
Based on the evidence from detailed gold deportment studies on tailings the majority of gold 
losses are due to the visible native gold. Of the total gold present in the tail stream 87% is 
deported as visible gold grains and only 13% as invisible gold contained in pyrite. Based on 
the evidence this hypothesis that “the majority of gold losses in Cortez carbonaceous double 
refractory gold ore is due to the low recovery of invisible gold contained in pyrite” is not 
supported. 
Hypothesis-2: Losses of visible gold in Cortez carbonaceous double refractory gold ore are 
due to this gold being associated with other mineral phases either in attached or locked form 
Flotation experiments, mineralogical characterization and gold deportment studies on tailings 
identified that the majority of gold losses to tailings is due to visible liberated native gold and 
due to visible gold associated or locked with other mineral phases 
(carbonates/silicates/pyrite/goethite/). Liberated native gold accounted for 59% of total gold in 
tailings while gold locked in other phases account for 28%. Total visible gold in tailings 
accounts for 87%. The potential reasons for native gold loss is due to ultra fine size average 
grain size (6 µm for liberated native gold and 2 µm for native gold locked in other mineral 
phases). Based on these evidences this hypothesis is partially supported in that some losses 
are due to gold being associated with other mineral phases in attached or locked form. But 
this does not account for all of the visible gold losses. 
Hypothesis-3: High misplacement of pyrite in TCM flotation stage is due to high recovery of 
gangue by entrainment 
Findings from this research show that the pyrite recovery in TCM concentrate in the size 
fraction below 25 µm followed exactly the same path as non sulfide gangue indicating 
entrainment as potential recovery mechanism. Particle liberation by free surface for different 
phases in the combined TCM concentrate showed the gangue/NSG phases are highly 
liberated (85% in liberation class 95%<x<100%). Also, the liberation of pyrite in ultrafine size 
range 3-12 μm in TCM concentrate is high. Based on the evidence this hypothesis is 
supported. 
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9.1 Recommendations 
 
Based on the research the following are the recommendation for future work. 
 
1) A small number of exploratory flotation tests were carried out to understand the effect 
of different reagent chemistries on flotation recovery of different gold carriers in Cortez 
carbonaceous double refractory gold ore. Preliminary investigation of different reagent 
chemistries on flotation recovery of different gold carriers revealed that MBT+DTP was 
good in recovering native gold.  It is worth investigating the effect of a mixture of 
(MBT+DTP) and PAX to enhance gold recoveries. 
 
2) Considering the mineralogy of the ore being investigated, it is highly recommended to 
study the effect of different reagent chemistries on silver poor native gold in the 
presence of high carbonate gangue. The flotation reagent regime needs to be 
optimized to target the recovery of native gold. 
 
3) Surface chemistry studies on native gold particles present in flotation feed, 
concentrates and tailings at low levels e.g. 7g/t are extremely challenging and complex 
due to the difficulty in obtaining a significant statistical number of gold particles without 
modifying the surface for surface characterization. Alternative methods that could 
potentially generate sufficient particles for surface analysis is worth pursuing e.g. 
Agorhom (2014) used a fluidization bed to concentrate gold grains for surface analysis. 
 
4) Use of enhanced gravity concentrators like Knelson and Falcon to recover liberated 
native gold and gold bearing phases from tailings. 
 
5) The loss of gold in Fe-Oxide phases could be reduced using oleic acid as a potential 
collector for Fe-bearing phases, or wet high intensity magnetic separation of Fe-
bearing phases containing gold. These should be investigated as alternative to recover 
gold otherwise lost to tailings 
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Appendix 1 Grade and distribution of different elements in Cortez flotation feed 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Size Cumulative wt% passing size Au Cinorg TCM S
µm ppm % % % Au TCM Cinorg S
150 3.60 4.02 9.54 1.42 0.65 1.21 3.756 3.72 4.23
106 8.08 5.34 9.76 1.38 0.51 3.61 8.207 8.56 7.46
75 11.41 5.83 9.29 1.32 0.64 5.57 11.08 11.51 13.22
53 12.82 10.10 8.88 1.19 0.64 10.83 11.22 12.35 14.85
38 9.12 10.30 8.24 1.12 0.71 7.86 7.512 8.15 11.72
C1+C2 1.79 15.05 8.89 0.94 1.57 2.25 1.235 1.72 5.07
C3 8.88 10.45 8.88 1.00 0.59 7.76 6.532 8.56 9.48
C4 9.04 10.85 9.08 0.94 0.50 8.21 6.254 8.91 8.18
C5 4.10 13.05 9.46 0.90 0.51 4.47 2.712 4.21 3.78
,-C5 31.16 18.50 9.55 1.81 0.39 48.23 41.49 32.30 22.00
Head (Cal) 100.00 11.95 9.21 1.36 0.55 100.00 100 100.00 100.00
Head (Assayed)) 13.60 9.11 1.32 0.66
Distribution
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Appendix 2 Grain size and association of visible gold grains in the flotation feed  
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Appendix 3 Size by size chemical assays of TCM concentrate 
 
 
 
 
Appendix 4 Size by size chemical assays of sulfide concentrate 
 
 
 
 
Appendix 5 Size by size chemical assays of tailings 
 
 
 
 
Size Cumulative wt% passing Au S C Corg
µm % ppm % % % Au S C Corg
75 4.50 11.35 0.33 10.85 2.73 2.82 3.16 4.77 4.92
53 6.49 11.35 0.36 10.30 2.32 4.06 4.97 6.53 6.03
38 8.99 12.70 0.40 10.15 2.24 6.29 7.65 8.91 8.06
C1+C2 6.94 15.70 0.98 9.43 1.78 6.00 14.47 6.39 4.95
C3 10.70 13.90 0.49 9.97 1.68 8.19 11.15 10.41 7.19
C4 11.83 15.05 0.55 9.80 1.52 9.81 13.84 11.32 7.20
C5 5.99 17.90 0.54 9.90 1.32 5.91 6.88 5.79 3.17
-C5 44.54 23.20 0.40 10.55 3.28 56.92 37.89 45.88 58.48
Head (cal) 100.00 18.16 0.47 10.24 2.50 100.00 100.00 100.00 100.00
Head(assayed) 18 0.56 10.45 2.42
Distribution (%)
Size Cumulative wt% passing Au S C Corg
µm % ppm % % % Au S C Corg
75 10.58 23.10 6.78 9.48 1.92 11.40 26.73 11.68 20.97
53 12.62 19.90 4.55 9.67 1.90 11.72 21.39 14.21 24.75
38 11.83 20.50 3.92 8.92 1.49 11.32 17.28 12.29 18.19
C1+C2 6.97 26.50 5.68 8.55 0.97 8.61 14.74 6.94 6.98
C3 9.68 18.70 1.60 8.48 0.77 8.45 5.77 9.56 7.69
C4 9.40 19.70 1.33 8.38 0.53 8.64 4.66 9.17 5.14
C5 3.99 22.30 1.17 8.55 0.45 4.15 1.74 3.97 1.85
-C5 34.93 21.90 0.59 7.91 0.40 35.70 7.68 32.18 14.42
Head (cal) 100.00 21.43 2.68 8.59 0.97 100.00 100.00 100.00 100.00
Head(assayed) 21.60 2.86 8.69 1.02
Distribution (%)
Size Cumulative wt% passing Au S C Corg
µm % ppm % % % Au S C Corg
150 5.77 5.98 0.33 9.41 1.38 4.63 11.20 6.68 12.21
106 13.87 6.69 0.22 9.17 1.22 12.45 17.95 15.64 25.94
75 19.53 7.11 0.19 8.52 0.96 18.62 21.83 20.46 28.74
53 15.70 6.36 0.14 7.84 0.67 13.39 12.93 15.13 16.12
38 9.84 7.28 0.13 7.42 0.43 9.61 7.53 8.98 6.49
C1+C2 5.32 6.07 0.13 7.50 0.24 4.33 4.07 4.91 1.96
C3 6.45 5.56 0.06 7.67 0.17 4.81 2.28 6.09 1.68
C4 5.23 5.85 0.09 8.27 0.15 4.11 2.77 5.32 1.20
C5 1.88 13.88 0.10 8.32 0.13 3.49 1.10 1.92 0.37
-C5 16.41 11.15 0.19 7.37 0.21 24.55 18.35 14.88 5.28
Head (cal) 100.00 7.45 0.17 8.13 0.65 100.00 100.00 100.00 100.00
Head(assayed) 7.38 0.2 8.36 0.64
Distribution (%)
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Appendix 6 Size by size chemical assays of reconstituted feed. 
 
 
 
 
  
 
Size Wt Mass of solids Au S Pyrite C Corg Au S Pyrite C Corg
µm % g ppm % % % %
150 3.60 18.01 6.30 0.44 0.82 9.41 1.40 1.88 2.78 2.78 3.86 4.24
106 8.08 40.51 8.19 0.49 0.91 10.26 1.43 5.49 6.98 6.98 9.47 9.76
75 11.41 57.18 10.25 0.80 1.50 10.51 1.38 9.69 16.15 16.15 13.71 13.25
53 12.82 64.22 8.73 0.72 1.34 8.42 1.05 9.27 16.21 16.21 12.33 11.32
38 9.12 45.68 11.46 0.83 1.55 8.99 1.12 8.66 13.37 13.37 9.37 8.58
C1+C2 1.79 8.95 40.30 4.04 7.56 27.56 2.76 5.96 12.74 12.74 5.62 4.16
C3 8.88 44.49 9.49 0.40 0.76 7.76 0.72 6.98 6.33 6.33 7.87 5.41
C4 9.04 45.31 9.89 0.40 0.74 7.43 0.65 7.41 6.35 6.35 7.67 4.99
C5 4.10 20.52 13.59 0.38 0.72 7.23 0.61 4.61 2.77 2.77 3.38 2.10
-C5 31.16 156.13 15.52 0.30 0.56 7.50 1.38 40.06 16.33 16.33 26.71 36.20
Head (Cal) 100.00 501.00 12.07 0.57 1.06 8.75 1.19 100.00 100.00 100.00 100.00 100.00
Reconstituted Feed
Assay Mass Distribution
%
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Appendix 7 Modal mineralogy of individual size fractions of TCM concentrate 
 
Mineral TCM+75_XBSE_1 - Wt% TCM+53_XBSE_1 - Wt% TCM+38_XBSE_1 - Wt% TCM+c2_XBSE - Wt% TCM+c3_XBSE - Wt% TCM+c4_XBSE_15kv - Wt% TCM+c5_XBSE_15kv - Wt%
Gold 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Galena 0.00 0.00 0.00 0.01 0.00 0.01 0.01
Coffinite 0.00 0.01 0.01 0.00 0.00 0.00 0.00
Cinnabar 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Alunite 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Anhydrite 0.00 0.00 0.00 0.00 0.02 0.00 0.00
Apatite 0.13 0.12 0.12 0.24 0.21 0.15 0.14
Arsenopyrite 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Barite 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Bismuthinite 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Calcite 1.94 2.88 3.74 5.88 7.95 8.80 7.72
Chalcopyrite 0.00 0.00 0.01 0.01 0.01 0.00 0.00
Chlorite 0.00 0.00 0.01 0.00 0.01 0.04 0.02
Crandallite 0.01 0.01 0.01 0.01 0.01 0.05 0.01
Dolomite 68.39 66.69 65.48 64.97 61.95 58.47 56.40
FeOx 0.02 0.03 0.04 0.07 0.05 0.07 0.09
Muscov_Illite 8.66 7.63 7.30 6.61 7.62 7.45 7.96
Ilmenite 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Iron 0.00 0.02 0.00 0.00 0.01 0.03 0.00
Jarosite 0.00 0.00 0.00 0.00 0.02 0.00 0.00
Kaolinite 0.17 0.13 0.15 0.13 0.16 0.29 0.46
Monazite 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Phlogopite 0.00 0.00 0.00 0.00 0.02 0.00 0.00
Pyrite 0.41 0.47 0.98 1.76 0.69 0.34 0.29
Pyrite_As 0.16 0.28 0.34 0.52 0.54 0.53 0.63
Quartz 17.29 18.49 18.33 16.17 15.90 13.05 10.67
Qtz70-Illite30 2.46 2.75 2.82 2.75 3.79 6.65 6.58
Rutile 0.13 0.14 0.11 0.12 0.11 0.12 0.14
Siderite 0.01 0.03 0.05 0.04 0.03 0.06 0.06
Sphalerite 0.01 0.01 0.01 0.01 0.02 0.02 0.02
Sphene 0.02 0.02 0.02 0.03 0.09 0.00 0.00
Tennantite 0.00 0.00 0.00 0.02 0.00 0.00 0.00
Zircon 0.02 0.01 0.08 0.11 0.04 0.00 0.01
Organic Carbon 0.13 0.28 0.36 0.54 0.74 3.85 8.77
Grinding Media 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Unknow n 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Low _Counts 0.00 0.00 0.00 0.00 0.00 0.00 0.00
No_XRay 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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Appendix 8 Modal mineralogy of individual size fractions of sulfide concentrate 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Data Source: Pyr
Mineral Groupings: Ungrouped
Filter: Unfiltered
Mineral Pyr+75_XBSE_1 - Wt% Pyr+53_XBSE_1 - Wt% Pyr+38_XBSE_1 - Wt% Py+c2_XBSE - Wt% Py+c3_XBSE - Wt% Py+c4_XBSE_15kv - Wt% Py+c5_XBSE_15kv - Wt%
Gold 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Galena 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Coffinite 0.00 0.01 0.01 0.00 0.00 0.00 0.00
Cinnabar 0.00 0.00 0.00 0.00 0.00 0.00 0.03
Alunite 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Anhydrite 0.00 0.00 0.00 0.00 0.02 0.00 0.01
Apatite 0.10 0.11 0.14 0.10 0.18 0.14 0.21
Arsenopyrite 0.03 0.01 0.01 0.02 0.00 0.00 0.00
Barite 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Bismuthinite 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Calcite 1.29 1.86 3.44 6.57 9.61 11.27 11.59
Chalcopyrite 0.00 0.00 0.01 0.01 0.01 0.00 0.00
Chlorite 0.01 0.01 0.00 0.00 0.02 0.02 0.10
Crandallite 0.00 0.01 0.00 0.01 0.00 0.01 0.02
Dolomite 62.17 62.61 60.94 57.78 55.67 51.02 53.13
FeOx 0.14 0.13 0.26 0.14 0.13 0.10 0.12
Muscov_Illite 6.25 6.22 5.55 5.58 7.12 7.73 8.26
Ilmenite 0.00 0.00 0.00 0.01 0.00 0.00 0.00
Iron 0.01 0.09 0.18 0.00 0.01 0.02 0.03
Jarosite 0.02 0.04 0.02 0.00 0.02 0.02 0.00
Kaolinite 0.06 0.08 0.13 0.12 0.19 0.35 0.39
Monazite 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Phlogopite 0.00 0.00 0.01 0.00 0.01 0.00 0.00
Pyrite 12.65 8.14 8.18 7.62 2.12 1.04 1.11
Pyrite_As 1.05 1.01 1.18 1.26 1.00 1.33 1.67
Quartz 13.89 15.50 16.77 18.40 18.11 15.24 12.92
Qtz70-Illite30 1.67 1.98 2.32 1.74 4.95 6.58 6.59
Rutile 0.09 0.08 0.09 0.12 0.13 0.11 0.17
Siderite 0.07 0.01 0.05 0.03 0.03 0.14 0.06
Sphalerite 0.06 0.06 0.08 0.09 0.06 0.06 0.04
Sphene 0.01 0.02 0.05 0.02 0.07 0.01 0.01
Tennantite 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Zircon 0.01 0.03 0.02 0.04 0.03 0.03 0.00
Organic Carbon 0.39 2.00 0.53 0.34 0.49 4.77 3.55
Grinding Media 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Unknow n 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Low _Counts 0.00 0.00 0.00 0.00 0.00 0.00 0.00
No_XRay 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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Appendix 9 Modal mineralogy data for individual size fractions of tailings 
 
 
  
Mineral Tails+150_XBSE_1 - Wt% Tails+106_XBSE_1 - Wt% Tails+75_XBSE_1 - Wt% Tails+53_XBSE_1 - Wt% Tails+38_XBSE_1 - Wt% Tails+c2_XBSE - Wt% Tails+c3_XBSE - Wt% Tails+c4_XBSE_15kv - Wt% Tails+c5_XBSE_15kv - Wt%
Gold 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Galena 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Coffinite 0.00 0.01 0.00 0.03 0.02 0.01 0.01 0.00 0.00
Cinnabar 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Alunite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Anhydrite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Apatite 0.09 0.10 0.07 0.08 0.09 0.16 0.15 0.09 0.14
Arsenopyrite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Barite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Bismuthinite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Calcite 2.79 3.63 4.18 7.58 11.05 15.92 18.54 17.17 17.17
Chalcopyrite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Chlorite 0.00 0.00 0.00 0.01 0.02 0.01 0.00 0.03 0.03
Crandallite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.02
Dolomite 63.36 62.75 59.23 51.86 47.17 47.55 45.19 45.59 48.46
FeOx 0.04 0.03 0.04 0.07 0.12 0.16 0.13 0.10 0.14
Muscov_Illite 7.86 7.03 6.82 7.34 8.63 7.99 8.58 9.05 9.64
Ilmenite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Iron 0.00 0.01 0.00 0.03 0.00 0.04 0.01 0.02 0.02
Jarosite 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00
Kaolinite 0.22 0.24 0.22 0.28 0.30 0.32 0.36 0.45 0.72
Monazite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Phlogopite 0.00 0.00 0.00 0.01 0.02 0.02 0.03 0.00 0.00
Pyrite 0.32 0.23 0.13 0.13 0.12 0.12 0.04 0.02 0.05
Pyrite_As 0.12 0.17 0.11 0.15 0.13 0.13 0.11 0.13 0.20
Quartz 21.53 22.07 25.38 25.49 24.56 20.39 19.72 15.60 14.85
Qtz70-Illite30 2.72 3.34 3.13 4.15 5.29 5.55 6.07 7.03 6.00
Rutile 0.09 0.09 0.06 0.13 0.14 0.16 0.15 0.11 0.12
Siderite 0.02 0.02 0.06 0.06 0.07 0.12 0.07 0.13 0.15
Sphalerite 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00
Sphene 0.03 0.03 0.02 0.11 0.09 0.09 0.07 0.01 0.01
Tennantite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Zircon 0.02 0.02 0.02 0.03 0.04 0.11 0.03 0.00 0.01
Organic Carbon 0.78 0.20 0.50 2.41 2.14 1.11 0.73 4.46 2.26
Grinding Media 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Unknow n 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Low _Counts 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
No_XRay 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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Appendix Dynamic  SIMS  operating parameter 
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Appendix 10 Mineral liberation data for pyrite in flotation feed 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
Pyrite + Pyrite_As Composition of Particle (Wt%) Cum. Distn. of Mineral (%) 
0% < x <= 5% 100.00 
5% < x <= 10% 94.48 
10% < x <= 15% 92.17 
15% < x <= 20% 90.26 
20% < x <= 25% 88.76 
25% < x <= 30% 87.57 
30% < x <= 35% 86.52 
35% < x <= 40% 85.12 
40% < x <= 45% 83.69 
45% < x <= 50% 82.67 
50% < x <= 55% 81.59 
55% < x <= 60% 80.04 
60% < x <= 65% 78.71 
65% < x <= 70% 77.40 
70% < x <= 75% 75.62 
75% < x <= 80% 73.86 
80% < x <= 85% 72.57 
85% < x <= 90% 70.81 
90% < x <= 95% 67.25 
95% < x < 100% 63.15 
100% 45.37 
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Appendix 11 Liberation data for TCM phase in combined TCM concentrate 
 
Organic Carbon Free Surface of Particle (%) Cum. Distn. of Mineral (%) 
0% < x <= 5% 99.59 
5% < x <= 10% 97.12 
10% < x <= 15% 91.95 
15% < x <= 20% 85.29 
20% < x <= 25% 78.35 
25% < x <= 30% 72.35 
30% < x <= 35% 66.44 
35% < x <= 40% 61.04 
40% < x <= 45% 56.28 
45% < x <= 50% 51.82 
50% < x <= 55% 47.19 
55% < x <= 60% 44.04 
60% < x <= 65% 39.67 
65% < x <= 70% 37.19 
70% < x <= 75% 34.68 
75% < x <= 80% 32.59 
80% < x <= 85% 30.36 
85% < x <= 90% 28.36 
90% < x <= 95% 26.26 
95% < x < 100% 23.40 
100% 21.09 
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Appendix 12 Liberation data for pyrite phase in combined TCM concentrate 
 
Pyrite Free Surface of Particle (%) Cum. Distn. of Mineral (%) 
0% < x <= 5% 93.90 
5% < x <= 10% 88.49 
10% < x <= 15% 84.84 
15% < x <= 20% 81.89 
20% < x <= 25% 79.42 
25% < x <= 30% 76.88 
30% < x <= 35% 74.34 
35% < x <= 40% 71.79 
40% < x <= 45% 69.63 
45% < x <= 50% 68.00 
50% < x <= 55% 65.56 
55% < x <= 60% 64.29 
60% < x <= 65% 62.34 
65% < x <= 70% 59.61 
70% < x <= 75% 57.58 
75% < x <= 80% 55.61 
80% < x <= 85% 52.98 
85% < x <= 90% 49.92 
90% < x <= 95% 45.74 
95% < x < 100% 39.98 
100% 33.24 
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Appendix 13 Liberation data for gangue phase in combined TCM concentrate 
 
Gangue Free Surface of Particle (%) Cum. Distn. of Mineral (%) 
0% < x <= 5% 100.00 
5% < x <= 10% 99.98 
10% < x <= 15% 99.97 
15% < x <= 20% 99.95 
20% < x <= 25% 99.92 
25% < x <= 30% 99.87 
30% < x <= 35% 99.83 
35% < x <= 40% 99.76 
40% < x <= 45% 99.67 
45% < x <= 50% 99.49 
50% < x <= 55% 99.33 
55% < x <= 60% 99.05 
60% < x <= 65% 98.69 
65% < x <= 70% 98.21 
70% < x <= 75% 97.49 
75% < x <= 80% 96.48 
80% < x <= 85% 95.17 
85% < x <= 90% 93.07 
90% < x <= 95% 89.84 
95% < x < 100% 85.04 
100% 77.51 
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Appendix 14 Liberation data for TCM phase in combined sulfide concentrate 
 
Organic Carbon Free Surface of Particle (%) Cum. Distn. of Mineral (%) 
0% < x <= 5% 99.55 
5% < x <= 10% 96.64 
10% < x <= 15% 90.49 
15% < x <= 20% 83.40 
20% < x <= 25% 77.17 
25% < x <= 30% 70.60 
30% < x <= 35% 64.84 
35% < x <= 40% 59.91 
40% < x <= 45% 55.36 
45% < x <= 50% 51.05 
50% < x <= 55% 47.14 
55% < x <= 60% 43.56 
60% < x <= 65% 41.08 
65% < x <= 70% 38.21 
70% < x <= 75% 35.90 
75% < x <= 80% 33.58 
80% < x <= 85% 31.91 
85% < x <= 90% 29.63 
90% < x <= 95% 25.95 
95% < x < 100% 19.45 
100% 12.26 
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Appendix 15 Liberation data for pyrite phase in combined sulfide concentrate 
 
Pyrite Free Surface of Particle (%) Cum. Distn. of Mineral (%) 
0% < x <= 5% 98.80 
5% < x <= 10% 96.73 
10% < x <= 15% 94.80 
15% < x <= 20% 92.50 
20% < x <= 25% 90.17 
25% < x <= 30% 88.08 
30% < x <= 35% 85.49 
35% < x <= 40% 83.22 
40% < x <= 45% 80.47 
45% < x <= 50% 77.57 
50% < x <= 55% 74.52 
55% < x <= 60% 71.63 
60% < x <= 65% 68.74 
65% < x <= 70% 65.69 
70% < x <= 75% 61.64 
75% < x <= 80% 57.68 
80% < x <= 85% 52.96 
85% < x <= 90% 48.46 
90% < x <= 95% 42.95 
95% < x < 100% 35.94 
100% 30.74 
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Appendix 16 Liberation data for gangue phase in combined sulfide concentrate 
 
Gangue Free Surface of Particle (%) Cum. Distn. of Mineral (%) 
0% < x <= 5% 100.00 
5% < x <= 10% 99.98 
10% < x <= 15% 99.95 
15% < x <= 20% 99.91 
20% < x <= 25% 99.88 
25% < x <= 30% 99.82 
30% < x <= 35% 99.74 
35% < x <= 40% 99.65 
40% < x <= 45% 99.51 
45% < x <= 50% 99.37 
50% < x <= 55% 99.11 
55% < x <= 60% 98.80 
60% < x <= 65% 98.35 
65% < x <= 70% 97.75 
70% < x <= 75% 97.01 
75% < x <= 80% 95.91 
80% < x <= 85% 94.30 
85% < x <= 90% 92.10 
90% < x <= 95% 88.35 
95% < x < 100% 82.20 
100% 70.83 
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Appendix 17 Liberation data for TCM phase in Tailings 
 
Organic Carbon Free Surface of Particle (%) Cum. Distn. of Mineral (%) 
0% < x <= 5% 99.73 
5% < x <= 10% 96.63 
10% < x <= 15% 90.67 
15% < x <= 20% 84.07 
20% < x <= 25% 77.83 
25% < x <= 30% 72.21 
30% < x <= 35% 67.44 
35% < x <= 40% 62.90 
40% < x <= 45% 58.64 
45% < x <= 50% 54.60 
50% < x <= 55% 50.69 
55% < x <= 60% 47.27 
60% < x <= 65% 43.78 
65% < x <= 70% 40.87 
70% < x <= 75% 36.09 
75% < x <= 80% 33.66 
80% < x <= 85% 30.66 
85% < x <= 90% 28.71 
90% < x <= 95% 22.57 
95% < x < 100% 17.91 
100% 9.18 
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Appendix 18 Liberation data for pyrite phase in Tailings 
 
Pyrite Free Surface of Particle (%) Cum. Distn. of Mineral (%) 
0% < x <= 5% 73.30 
5% < x <= 10% 50.45 
10% < x <= 15% 41.05 
15% < x <= 20% 36.32 
20% < x <= 25% 33.32 
25% < x <= 30% 31.33 
30% < x <= 35% 28.83 
35% < x <= 40% 28.19 
40% < x <= 45% 26.99 
45% < x <= 50% 26.33 
50% < x <= 55% 24.65 
55% < x <= 60% 21.95 
60% < x <= 65% 20.89 
65% < x <= 70% 19.85 
70% < x <= 75% 18.48 
75% < x <= 80% 18.02 
80% < x <= 85% 15.28 
85% < x <= 90% 14.56 
90% < x <= 95% 10.01 
95% < x < 100% 9.71 
100% 6.93 
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Appendix 19 Liberation data for gangue phase in Tailings 
 
Gangue Free Surface of Particle (%) Cum. Distn. of Mineral (%) 
0% < x <= 5% 100.00 
5% < x <= 10% 99.99 
10% < x <= 15% 99.98 
15% < x <= 20% 99.97 
20% < x <= 25% 99.96 
25% < x <= 30% 99.93 
30% < x <= 35% 99.91 
35% < x <= 40% 99.84 
40% < x <= 45% 99.78 
45% < x <= 50% 99.69 
50% < x <= 55% 99.57 
55% < x <= 60% 99.40 
60% < x <= 65% 99.18 
65% < x <= 70% 98.89 
70% < x <= 75% 98.49 
75% < x <= 80% 97.92 
80% < x <= 85% 97.01 
85% < x <= 90% 95.52 
90% < x <= 95% 92.87 
95% < x < 100% 87.97 
100% 77.40 
 
 
 
 
 
 
 
 
 
 
